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Preface  
This study is undertaken as a part of an MSc program in Marine Technology at the 
Norwegian University of Science and Technology (NTNU). The MSc thesis is done 
in collaboration with STATOIL as industry partners. It is part of STATOIL‘s 
research program to develop renewable fuels to meet the European Union climate 
package of 10% target for all fuels used in road transportation to be renewable by 
2020. STATOIL has produced some renewable fuels on experimental basis in their 
laboratory in Norway and in other locations in Sweden.  
 
It is the aim of this study to investigate the feasibility of these renewable fuels as a 
viable alternative fuel for compression ignition engines from a technical standpoint. 
This investigation is done by experimental methods using the Ricardo Hydra 
research engine provided by the fuel research department of STATOIL and 
installed in the NTNU‘s Marine Systems laboratory for this purpose. However, the 
standard hydra engine does not provide the level of technology and control required 
to make a detailed study of the combustion properties of the fuels and as a result a 
number of modifications have to be performed to bring the engine to an acceptable 
standard.  Invariably, the conventional fuel injection system had to be replaced with 
a common rail system and this necessitated the replacement of the complete 
cylinder head. The control and combustion analysis system (CAS) had to be replaced 
with a modern system that allows independent control of the engine operating 
systems to enable us to study the effect of changing operations conditions on fuel 
combustion properties and engine exhaust emission.   
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The plan was to get the engine ready before the start of the MSc thesis work. 
However, a number of delays have been encountered before the engine was able to 
be stabilized for collection of usable data. A series of problems has been discovered 
during the preliminary experiments and upon analysis of the preliminary 
experimental results necessitating further corrective action to be taken on the 
engine. Upon a series of discussions with my supervisor in consultation with 
laboratory personnel, we came to an agreement that further experiment with the 
Ricardo hydra research engine be abandoned.  
 
As a consequence a new approach has to be sought for the completion of the 
master‘s thesis within the limited time permissible. Since experiments has already 
been successfully carried out on the marine diesel fuel (MDO), it was found 
compelling to use the experimental results of the MDO to determine empirically the 
performance and emission characteristic of the renewable fuels. It became 
consequentially necessary to change the original topic from ‗Performance and 
Emission characterization of Hydra Research Engine with Varying Renewable 
Fuels‘ to ‗Prediction of DI-CI Performance and Emission characteristics of Varying 
Renewable Fuels using Experimental Results from Marine Diesel Fuel‘. 
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Abstract 
This paper discusses finding of combustion research carried out using Ricardo 
hydra research diesel engine with varying renewable fuels. The primary fuel of 
investigation is rapeseed methyl ester (RME) and marine diesel fuel (MDO) was 
used as the primary reference fuel (PRF). The results of the PRF have been 
acquired by experiment and have been used to characterize the heat release rates, 
brake fuel conversion efficiency (BFCE), brake specific fuel consumption (BSFC), 
brake fuel energy consumption (BSEC), exhaust temperature; Oxides of nitrogen 
(NOx), carbon monoxide (CO), carbon dioxide (CO2) and hydrocarbon (HC) emissions 
have also been studied. Empirical correlations have been developed and used to 
predict the corresponding results with several blends of renewable fuels. The 
analysis of the results showed a good correlation between the results of the MDO 
and the blends of the renewable fuels. The results showed that the difference 
between mean BSFC of the MDO and the predicted values of the blend of the 
liquefied petroleum and 10% rapeseed (LGO-10) was only 0.82%. Predicted values 
for B20, B40 and B100 were 1.65%, 3.33% and 8.53% respectively. At maximum 
load the predicted lost in power for LGO-10 ranges from 0.88% at maximum speed 
to 0.85% at low speed. The predicted lost in power for B20, B40 and B100 were 
1.61%, 3.21% and 7.86% respectively at maximum speed and 1.71%, 3.13% and 
7.86% respectively at low speed range. The mean increase between the measured 
mean NOx emission from MDO and the LGO-10 was 0.98%, while CO and CO2 
emissions fall by 6.35%. There was also a mean reduction of HC emission by 
10.59%. Similar changes have been predicted in B20 and B40 emissions. 
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Cp…………………………………………………...........Specific heat at constant pressure  
κ (kappa)………………………………….……………………………………Polytropic 
index 
m…………………………………………………………………..…………………………mass 
m ………..………………………………………………………………………..mass flow rate 
Q………………………………………………………………………………………..…….Heat 
R………………………………………………………....Ideal Gas Constant, 0.287[kJ/kgK] 
Rs ………………………………………………..……………………………………Swirl ratio 
S………..…………………………………………………………………………………..Stroke 
s………………………………..Distance between the crank axis and the piston pin axis 
U………………………..…………….…………………………………………Internal energy 
u……………………………………………………………………………………..Uncertainty 
V………………………………………………………………………..………Cylinder volume 
ε………………………………………………………………………………Compression ratio 
ω…………………………………………………….………....angular velocity of crankshaft 
 …………………………………………………………………………...Standard deviation 
 ………………………………………………………………………………………...efficiency 
%B…………………………………………….Percentage of biodiesel content in the blend 
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Subscripts 
 
a………………………………………………………………………………………….……..Air 
b…………………………………………….………………….at brake output of the engine 
B……………………………………………………………………………………Biodiesel fuel 
c………………………………………...………………………………………………Clearance 
ch………………………………..…………………………………………………...Combustion 
D……………………………………………………………………………………….Diesel fuel 
HT……………………………………………………………..…………………..Heat transfer 
n…………………………………………………………………………………………..Number 
P………………………………………………………………………………………….....piston 
x…………………………………………….………..……………………of Oxides of nitrogen 
f……………………………………………………Of the fuel entering the engine cylinder 
d…………………………………………………………….of cylinder displacement volume 
v…………………………………………………………………………………………...volume 
s…………………………...…………………………………………….of swirl in the cylinder 
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Introduction 
There has been an increasing interest in the development and research in 
renewable fuels worldwide. The reason for this renewed interest is as a result of 
several contributing factors; among them an increasing global energy consumption 
thus making the current energy use unsustainable and the harmful effect of 
exhaust emission from internal combustion engines. The need to reduce engine out 
emission is becoming more strigent and tighter control measures have been 
introduce worldwide. Engineers today therefore are required not only to make the 
existing designs and engine operation more efficient and reduce emissions to 
acceptable limits but to find sustainable forms of energy whose effect on the 
environment and human health will be minimal.  
 
According to the European Environmental Agency (EEA); transport accounts for 
around a third of all final energy consumption in the EEA member countries and for 
more than a fifth of greenhouse gas emissions. Internal combustion engines (ICE) 
are known to contribute to greenhouse gases through emissions of mainly CO2 and 
particle matter (PM). PM emissions from ICE can be oxidized and become strongly 
absorbing aerosols such as black carbon or soot with the capacity to strongly absorb 
solar radiation or become highly reflective micron-sized aerosols such as sulfates. 
Aerosols can lead to global warming by absorbing solar radiation depending on their 
absorption properties, geometry, reflectivity and size distribution. The effect of CO2 
as a greenhouse gas contributing to approximately 25% to global CO2 emission is 
well documented in literature. (Thomas R. Karl et al, 2003).  
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Studies have confirmed that internal combustion engine are an important source of 
particle emissions, it is reported that between 0.2% and 0.5% of the fuel mass 
burned in diesel engines is emitted as particle matter (Heywood, 1998; N.K. Miller 
Jothia et al, 2006). Diesel particulate consists principally of carbonaceous material 
(soot) together with a range of organic compounds or aerosols, some of which are 
highly toxic and suspected or known carcinogens. Studies have shown that exposure 
to particle emission from diesel engines and other industrial sources can lead to 
serious health problems, including the incidence of cancers, heart disease and 
increased susceptibility to respiratory ailments such as pneumonia, bronchitis, and 
asthma (Anyon, 2008). 
 
Engine manufacturers have however, made a series of improvements in engine 
design. Most of these improvements are geared to improving the combustion 
characteristics of the engine thereby reducing emission levels while avoid 
compromising the engine performance. As a result, newly built engine have their 
fuel injection system and combustion chambers redesigned. Improvements in 
sealing technology and piston rings have not only reduced engine oil consumption 
but reduce emissions of hydrocarbon (HC) and particle matter (PM). Nonetheless, as 
scientists are increasing understand the effects of these emissions on the 
environment and human health; the effort to further reduce these emissions is no 
longer left to the mercy of ingenuity of engineers but a matter of policy.  
 
As a result legislative requirements have been developed by several nations, among 
them Norway, USA and other EU countries to find alternative fuels and reduce 
emission of harmful substances from transport vehicles. Recently developed 
legislations in these countries require that certain percentage of fuel is to be sold as 
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renewable fuels. The European Union climate package has set 10% target on the 
basis of energy content for all fuels used in road transportation to be renewable 
fuels by 2020. In the United Kingdom, the Renewable Transport Fuel obligation 
made it mandatory for all suppliers to sell 5% of all transport fuels as renewable by 
2010. These and the aforementioned factor have renewed research in the field of 
renewable fuel technology.  
 
As a result effords are being made to develop environmentally friendly 
biodegradable, non toxic alternative fuels that are sustainable in the long term. One 
renewable fuel that can be use in diesel engines without any substantial 
modification to the engine is biodiesel (Ardito et al, 1995). Biodiesel also referred to 
as fatty acid methyl ester (FAME) is a biodegradable fuel made from vegetable oils 
or animal fats and has properties similar to hydrocarbon diesel fuel (Jai-houng Leu, 
2009) and (Yadav et al, 2010).  
 
However, an important drawback to the commercial feasibility of biodiesel 
production is the high cost of lipid feedstock which made it not economically 
competitive with fossil fuel. This economic drawback can be overcome by using low 
grade lipid feedstock with high free fatty acid (FFA) content.  A lot of waste cooking 
oil and seed oils has been found to contain a high FFA; tobacco seed oil with high 
FFA content can be used as substitute of conventional diesel (Yadav et al, 2010) 
Lipid feedstock which are non edible in nature like karanja oil and Mahua oil can 
also be used for production of biodiesel (Yadav et al, 2010). However, the limitation 
with the use of non edible feedstock is its low availability in commercial quantities 
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Part One 
Chapter One: Background 
 
1.1. Fundamental of renewable fuels 
Renewable fuel technology refers to the production of fuel from renewable resources; 
by renewable we mean it can be replenished by production of livestock or growing of 
plants. The fats of animal and plant are typically made of triglycerides which 
are esters containing three free fatty acids (FFA) and glycerol which is a trihydric 
alcohol. During the transesterification process (figure1), the triglycerides react with 
the alcohol in the presence of catalyst to produce mono-esters that are termed as 
biodiesel. Biodiesel is defined under the ASTM D6751 standard as the mono alkyl 
esters of long chain fatty acids derived from vegetable oils or animal fats and 
sometimes referred to as methyl and ethyl esters. Fatty acids (FA) are important 
sources of fuel because their metabolism yield large quantities of Adenosine-5'-
triphosphate (ATP) which makes them a promising alternative fuel. Esters are 
formed by the reaction of an acid with an alcohol in which case water is also formed 
as a byproduct: 
    (1) 
Where the Rs in the equation for the reaction between the acid RCOOH and an 
alcohol R'OH and the product RCOOR' are chains of carbon and hydrogen atoms. 
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When methanol is the alcohol used for the reaction, the ester formed is a methyl 
ester (ME), when ethanol is the alcohol used for the reaction, an ethyl ester (EE) is 
formed. A typical reaction that uses method for the reaction is shown in figure 1. 
 
Figure 1: Typical transestrification reaction  
         
Where R1, R2 and R3 are FAs containing long chains of carbon and hydrogen atoms. 
The catalyst removes protons from the alcohol making it a stronger nucleophile to 
increase the rate of reaction. The triglyceride reacts with alcohol (methanol) to 
produce glycerol and MEs. Triglycerides are FAs occurring naturally from vegetable 
oils or animal fat. The FA profile depends on the source of the FA and determines 
the physical and chemical characteristics of the oil, fat and the esters derived from 
them.  
 
The process of reducing the FA to FAME is a two step process; the first step is the 
reduction of the FFA content by esterification with alcohol in presence of acid 
catalyst. In the second step, the resulting triglyceride of the lipid reacts with 
methanol in presence of base catalyst to form ME and glycerol (Yadav et al, 2010). 
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The acid catalyst is generally sulfuric acid and the base catalyst is usually sodium 
or potassium hydroxide (F Halek et al, 2009) and (Yadav et al, 2010). Product from 
the reaction is separated into two phases under gravity. The FAME portion is 
washed with water and dried to meet the biodiesel fuel standards. The biodiesel 
produced from low grade lipid feedstock and its blends with fossil fuel can be used 
in diesel engines without any modifications of the engine 
 
However, certain grades of biofuels commonly referred to as first generation (1G) 
biofuels made from sugar, starch and vegetable oil are mostly available today. 
These grades of biofuels pose a threat to food production in terms of land use and 
consumption. In order to avert this threat, a second grade of biofuels made from 
non-food crops such as stalks of wheat, corn, wood and inedible waste product are 
currently being developed as second generation (2G) biofuels. The main technical 
problem about the production of this grade of biofuels is breaking the cellulose 
material into glucose. Various experimental processes are being developed by using 
enzymes to break these organic materials into sugar which can eventually be 
fermented to produce biofuels. 1,5G biodiesel are recently being produced but not on 
large commercial scale. These are biodiesel from any vegetable oil which are non-
edible. The productions of these biofuels are based on a refinery technology known 
as hydrotreating. This grade of biodiesel has a high diesel quality then the 1G 
biodiesel allowing higher blends. 2G bioethanol and biodiesel are from highly 
available cellulosic feedstock (e.g., straw, wood). The 3-4G biofuels are from micro 
and macro algae, CO2 and bacteria. 
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Research conducted at Tu-Delf university in Netherlands by Jack Pronk at the 
department of Biotechnology have shown that ethanol can be produced from non-
edible ground sources (e.g. straw) by incorporating a single bacteria gene in yeast. 
This modified yeast have been found to produces more ethanol and fewer by-
products and it has since be licensed to  Royal DSM N.V. who are using this 
technology to produce  2G biofuels from agricultural waste (M&C, 2011). 
Another grade of biofuels known as Third Generation (3G) biofuels is also being 
developed. These are mainly from algae and bacteria and are referred to as Algae 
fuel or oilgae. Algae are low-input, high-yield feed stocks to produce biofuels. Based 
on laboratory experiments, it is claimed that algae can produce up to 30 times more 
energy per acre than land crops such as soybeans but these yields have yet to be 
produced commercially. 
 
The biggest obstacle to the acceptance of biofuels is their production costs which 
make them more expensive than petroleum-based transportation fuels (DOE, 
2000b). Additional obstacles for biodiesel include poor cold flow characteristics, 
engine startup and operability problems associated to low temperature. Biodiesel 
also has the tendency to degrade some types of elastomers and rubber compounds 
which can impact fuel hoses and fuel pump seals (Dunn, 2002). Another challenge 
facing wider use of biofuels is its energy content—only about two thirds the energy 
of an equal volume of gasoline (US Department of Energy). Several technologies for 
the production of these biofuels are still at a pilot/demonstration stage. 
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Figure 2: Schematic diagram of biodiesel production  
 
1.2. Literature Review 
A lot of research has been done on the performance of biodiesel fuelled engines. 
Generally, the authors agreed that typical challenges are lower heating values 
resulting into less torque for any given injector pulse-width (Joshua A. Bittle et al, 
2010). If torque is matched with longer pulsewidth by increasing injection duration 
(ID), then this will obviously translate to increased brake specific fuel consumption 
(Joshua A. Bittle at al, 2010) and (Yinnan YUAN et al, 2008). The lower heating 
value (LHV) of biodiesel has been generally attributed to the differing carbon, 
oxygen, hydrogen and sulphur contents (Bai-Fu Lin et al, 2008). 
A pivotal issue in selecting fuel for use in compression ignition (CI) engines is its 
ignition quality. Ignition quality is usually quantified in terms of Cetane Number 
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(CN) which is a measure of the delay time between the time of injection and the 
start of combustion. In a study done by (Yinnan YUAN et al, 2008) using petroleum 
fuel and biodiesel B100, have shown that combustion timing occurs in advance, and 
the ignition delay decreases with biodiesel B100. They have demonstrated that at 
50% and 100% load at a rated speed, the combustion occurs in advance by about 
3ºCA.  
 
The maximal heat release rates are reduced by 11.4% and 25.3%, respectively, and 
the related point occurs in advance by about 3ºCA. The diffuse combustion rate 
decreases, and the combustion durations are prolonged by 25ºCA and 13ºCA, 
respectively. This is a type of results we should expect because air pressure and 
temperature changes significantly at close to TDC. If the injection starts earlier the 
air temperature and pressure at that state are lower and the delay will increased 
accordingly. 
 
The study performed by (Yinnan YUAN et al, 2008) have shown that the specific 
fuel consumption of biodiesel increased by 12% when compared with conventional 
diesel fuel for the same power output. When biodiesel is blend with petroleum diesel 
fuel, the brake specific fuel consumption (BSFC) has been found to increase. Similar 
results have been presented by (Bai-Fu Lin et al, 2008) in their experimental 
results with blends of palm kernel oil ester (PKOME) and petroleum oil. They have 
demonstrated that the BSFC increases as the percentage of PKOME in the blend 
increases, producing the same level of engine power as petroleum diesel fuel. 
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The ignition delay is affected both by physical factors and fuel properties. The 
physical factors that affect the fuel spray formation and charge air state (pressure, 
temperature and velocity) all have an impact on the ignition delay. These variables 
depend largely on the design of the combustion chamber, fuel inject system and 
engine operating conditions.  
 
The ignition quality of the fuel, largely determined by the CN affects the ignition 
delay. The CN depends on the fuel molecular structure; straight-chain paraffinic 
compounds (normal alkanes) have the highest ignition quality which improves as 
the chain length increases. Aromatic compounds and alcohols have a poor ignition 
quality and hence the difficulty associated with the use of methanol and ethanol as 
possible alternative fuels (Heywood, 1998). (V. Nagaraju et al, 2008) have conducted 
a study on the effect of using B-20 (a blend of 20% soybean ME biodiesel and 80% 
ultra low sulfur diesel fuel) on auto ignition in high speed direct injection diesel 
engine equipped with a common rail injection system. The results showed that B20 
did not contribute in the initial stages of fuel evaporation and the formation of an 
ignitable mixture resulting to an increased ignition delay. 
 
An ignition delay of 3⁰ crank angles has been recorded by (Yinnan YUAN et al, 
2008) in their comparison of diesel fuel and biodiesel B-100 at 100%  and 50% 
engine loads. Similar results have been reported by (Joshua A. Bittle at al, 2010); in 
their reseach paper they reported that the start of combustion consistently occur 
earlier with biodiesel than with petroleum diesel. This has been associated with 
biodiesel‘s inherently shorter ignition dalay.  
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Swirl ratio sR  is usually used to define swirl in the engine. It is defined as the 
angular velocity of a solid-body rotating flow s , which has equal angular 
momentum to the actual flow, divided by the crankshaft angular rotational speed 
(Heywood, 1998). 
2
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 Studies have shown that swirl has an effect on the ignition delay period and 
consequently on engine emissions. (D.E Winterbone et al, 1994) performed an 
experiment to investigate the effect of swirl ratio on combustion using a Ricardo 
Hydra direct injection diesel engine. They have shown that too much swirl increases 
the ignition delay period and results in the amount of fuel burned in the pre-mixed 
mode thus resulting in an increase in the NOx emission but a reduction in the 
amount of soot formation. Similar results were presented by (Henein, 2006). Henein 
have also shown NOx emission increment by 50% as the swirl ratio was increased 
from 1.44 to 7.12 by using a single cylinder 4-valve direct injection diesel engine 
equipped with common rail injection system. This increased in NOx emission was 
attributed to the following factors: (1) Better fuel evaporation and mixing with the 
fresh charge, due to (a) the higher relative velocity and its effect on increasing the 
heat and mass transfer coefficients between the liquid phase and gas phase, (b) the 
spread of the spray over a wider angle, and the increase in the lean flame region 
downstream the swirl motion and (c) the increase in the wetted surface area of the 
wall after the spray impinges on the wall. All these factors contribute to the 
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increased in the volume of the premixed charge. (2) Higher swirl ratios increase 
turbulence and mixing and enhance the reaction rate, this Henein has 
demonstrated from the evidence of increased rate of heat release from premixed 
combustion fraction by 40%. This increase occurred, in spite of the increase in the 
cooling losses at the higher SR. (Henein, 2006) report also showed that the 
increased in the swirl ratio from 1.44 to 7.12 caused a drop of 2 bar in compression 
pressure and about 80ºC in the compression temperature. 
 
The combustion process of a compression-ignition engine is defined by four phases 
according to the rate of heat released; ignition delay period, premixed combustion 
period, diffusion burning phase and oxidation phase (Heywood, 1998).  
The rate of heat release is lower for biodiesel fuel than conventional petroleum fuel; 
this is mainly as a result of a low LHV of biodiesel. Yusuf Ali et al have carried out 
a series of tests on Cummins N14-140 Diesel engine to determine the rate of heat 
released using twelve fuels produced by blending methyl tallowate, methyl soyate 
and fuel ethanol with diesel fuel. They reported that the rate of heat released was 
reduced with increased amounts of methyl tallowate, methyl soyate and ethanol in 
the fuel blends. During premixed period the maximal heat release rate decreases. 
This is attributed to the presence of oxygen in biodiesel which makes the premixed 
combustion flame diffused making the peak heat released rate occur in advance 
(Yinnan YUAN et al, 2008). Additionally, alcohols such as methanol and ethanol are 
known to reduce the temperature of combustion, a condition that can decrease NOx, 
particulate matter, carbon dioxide, and smoke in exhaust emissions (Dunn, 2002). 
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Many researchers have reported different levels of Nitrogen Oxide (NOx) emission 
from engines fuelled with biodiesel. (V. Nagaraju et al, 2008) have conducted an 
experiment on the effect of biodiesel B00 and B20 (a blend of 20% soybean methyl 
ester biodiesel and 80% ultra low sulphur diesel fuel) on engine out emission and 
have reported observations of generally lower NOx emission for B20 than for B00 
except at high ignition pressures. At high ignition pressures, biodiesel evaporation 
is enhanced and its contribution to early stages of combustion is increased thus 
resulting in high NOx emission. Statistically, they have measured 4% decrease in 
NOx for B20 relative to B00. Similar studies has been performed by Fang et al 
(2008). 
 
In general, the emission products, HC, CO and soot formed as a result of incomplete 
combustion are lower for B20 than B00 (V. Nagaraju et al, 2008). There are two 
main reason for this; the contribution of oxygen atoms present in biodiesel leading 
to complete combustion and the burning of the heavier masses of the biodiesel 
component which can progress down into the expansion stroke. Similar studies has 
recently been done by (Praveen K. et al, 2010) by using several blends of palm fatty 
acid biodiesel and diesel fuel. The results are presented in figures 6- 8. 
 
 
 
 
Prediction of DI-CI Engine Performance and Emission Characteristics of Varying Renewable Diesel Fuels with 
Experimental Results from Marine Diesel fuel 
Master’s thesis 
Lamin Jawara 
 
Norwegian University of Science and Technology | Chapter Two: Experimental Setup 14 
 
Chapter Two: Experimental Setup  
 
2.1. Hydra single cylinder research engine 
The experimental engine is a single cylinder Ricardo hydra research fitted with a 
common rail direct injection system, shown in figure 3. The engine utilizes a 
toroidal bowl in the piston. The valves are operated through inverted bucket type 
tappets with pallets between the valve and tappet to set the tappet clearance. A 
high pressure pump supply fuel to the fuel injector at a pressure of 120 to 1400 
bars.  
 
Figure 3: Photograph of test engine 
 
A pulsation damper between the high pressure pump and the fuel injection valve 
maintains a constant flow of fuel into the cylinder. The engine has a solid skirt, two 
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compression rings and one oil ring and is cooled from below by an oil jet supplied 
from the lubrication system. The has been modified by replacing the cylinder head 
with that of one bank of an Audi V6 direct injection diesel engine shown in figure 4. 
The technical details for the Audi A8 engine are shown in appendix C. 
 
 
Figure 4: Photograph of cylinder head and injection system 
 
The fuel injection system has also been replaced by a common rail fuel injection 
system with electronically controlled timing, duration and number of pulses. The 
injector is an electronically controlled version of the originally Audi (Bosch) injector. 
The modified test engine specification is shown in table 3: 
The fuel injection system is divided into a low pressure and high pressure sides. In 
the low pressure side, fuel is supplied to the high pressure (HP) pump by the low 
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pressure (LP) pump from the fuel service tank through filters F1 and F2 via a flow 
meter. The output of the LP pump provides a slight positive inlet pressure of 0.15-
0.8 bar for the HP pump inlet. 
The output from the high pressure pump is supplied to the pulsation damper, which 
maintains a constant pressure supply to the fuel injector. During the experiment I 
have kept this pressure at 1200 bars. Fuel return from the injector pump is 
returned via a cooler to the tank/slope tank. The fuel temperature at the injector 
inlet is monitored on channel 2 of the multi-point temperature indicator at the 
control console and control by manual adjustment of the cooling water flow.  
 
Figure 5: Experimental Setup 
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The Common Rail Injection System (CR) allows the fuel injection parameters; 
injection pressure, duration and start of injection to be selected independently from 
the operating speed and load. For this purpose the high pressure pump is driven 
independently by an electric motor. During operation the start of injection and 
duration are set manually by a means of closed loop pressure regulator system and 
an electronic control unit by feeding measured electric pulses to the injector‘s 
solenoid driver allowing delivery of specified fuel quantity into the cylinder.   
The amount of fuel injected during each engine cycle is electronically controlled by 
the CAS. These variables are set by the user in the Lab view program. The actuator 
is operated by the throttle potentiometer on the control console which is usually set 
up so that 0 on the potentiometer corresponds to the fuel shut off position and 10 
corresponds to the maximum fuel delivery position. Operation of the actuator is 
supervised by the Automatic Control Unit (ACU) so that in the event of any fault 
condition, the actuator is de-energized allowing the rack to close under the influence 
of its return spring. The fuel injection system is shown in appendix B 
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Configuration  Four stroke, direct injection 
Number of cylinders  1 
Bore (mm) 80.26 
Stroke (mm) 88.90 
Displacement volume (dm3) 0.45 
Clearance volume (dm3) 0.043 
Maximum speed (rps) 75 
Maximum power (KW) 8 
Maximum cylinder pressure (bar) 120 
Fuel injector Bosch  
Compression ratio 19.5:1 
Valve timing  Valve timing is in accordance 
with table 2. 
 
Table 1: Test engine specification 
 
The brake torque of the engine is measured with a regenerative dynamometer 
which is coupled to the engine.  The dynamometer is an electric D.C. machine rated 
at 400 volts, 70 amps and has a continuous power rating of 30KW with a maximum 
speed of 100rev/s. The dynamometer can both load and motor the engine, a weight 
hanger is provided on each arm which allows the load to be calibrated for both 
clockwise and anticlockwise torque reactions. The dynamometer is operated through 
a KTK thyristor converter units so that it can act as a D.C. motor to drive the 
engine during starting and motoring operations, or as a D.C. generator when 
loading the engine. During loading the D.C. power from the dynamometer is 
converted to 3 phase A.C. by the converter unit and feed back into the mains 
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supply. A tachometer mounted on the dynamometer shaft provides a speed signal to 
the close loop speed control system so that the speed selected at the control console 
is maintained by automatic adjustments to the motoring or loading torque. The 
brake power of the engine is calculated from the bake torque and speed from the 
relation: 
2
60
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P


          
 (4) 
From this relation, the Brake Mean Effective Pressure can be measured using 
power, speed and engine cylinder displacement as variables: 
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2.2.1. Effect on Compression Ratio 
Replacing the cylinder head with the Audi A6 head means that the compression 
ratio of the engine has been reduced from 20 to 19.5. The compression ratio largely 
depends on the design of the cylinder head, changing the compression ratio of the 
engine changes the cylinder pressure according to the formula below: 
0P P CR
 
          
 (6) 
 
Where P0 is the pressure when the piston is at TDC and γ is the specific heat ratio 
of the fuel. This has repercussion on the performance of the engine in terms of 
specific fuel consumption (SFC). This effect has been documented in literature by 
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(H. Raheman et al, 2008) with a Ricardo E6 engine using biodiesel obtained from 
mahura oil (B100). 
 
2.2.2. Effect on Clearance Volume 
Based on the new CR, the new clearance volume (CV) can be recalculated. The 
clearance volume is the volume of the cylinder when the piston is at TDC. Because 
of the irregularity in the shape of the combustion chamber, this measurement is 
done empirically by filling the combustion chamber with a known amount of fluid 
while the piston is at TDC. The result of the measurement and the calculated CV is 
shown below.  
Measured piston bowl volume = 14.54 cm3 
Estimated valve cut out volume = 3.96 cm3 
Hence, total piston clearance volume = 18.50 cm3 
The compression ratio (CR) is found by taking the volume of the cylinder when the 
piston is at BDC and divide by the volume of the cylinder when the piston is at TDC 
(figure 6): 
 
BDC d c
TDC c
V V V
V V


   
 
19.5d c
c
V V
V


 
        
 (7) 
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It can be shown that the CV can be found by means of equation 8. 
3449.77 24.31
1 19.5 1
c
SV
V cm

  
         
 (8) 
 
The displacement volume is calculated from the cylinder stroke and bore as the only 
variables. The stroke and the bore of the engine remains unchanged and therefore 
the displacement volume can be calculated from the well known formula below:  
2.
4
d
d L
V


           
(9) 
 
 
Figure 6: Determining the compression ration 
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2.2. Emission Measurement and Analyzer 
The instrument used for measuring emission is the HORIBA PG-250. The 
instrument is able to measure five gas components simultaneously. The PG-250 
uses non-dispersive infrared (NDIR) detection for CO, SO2, and CO2; 
chemiluminescence (CLD) cross-flow modulation for NOx; and a galvanic cell or an 
optional zirconium oxide sensor for O2 measurements. Samples of exhaust is 
connected through ducks in the exhaust manifold and sent to the Analyzer. The 
measurement results are displayed on a LCD display. The analyzer interfaces 
directly with the combustion analyzer computer through an RS-232C interface port 
that allows data transmission and for recording measured values. The instrument is 
always calibrated before measurements are being taken by connecting the 
calibration gases via the calibration inlet.  
 
Emission gas Measurement 
range 
Measurement 
method 
NOx 0-2500 ppm Chemiluminescence  
CO 0-5000 ppm Non-dispersive IR 
CO2 0-20 vol% Non-dispersive IR 
O2 0-25 vol% Galvanic cell 
 
Table 2: Exhaust emission measurement range and methods 
 
The measurement of NOx is based on the principle of chemiluminescence. Fresh air 
is sucked through the air filter and cooled before being stored in a reaction chamber 
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to act as an ozone (O3) supply. The O3 is introduced to the exhaust sample; part of 
the nitrogen monoxide (NO) in the exhaust sample reacts with the O3, oxidized and 
form nitrogen dioxide (NO2). Part of this generated NO2 is in an excited state (NO2*) 
and when it returns to normal it emits light. This light is detected by photodiodes. 
 3 2 2NO O NO O  
         
 (10)
 
2 2*NO NO hv 
            
 (11) 
The reaction time is extremely fast and only the NO present in the exhaust gas 
participates in the reaction and does not affect other components of the exhaust. 
The NO concentration is proportional to the light emitted. The sample exhaust gas 
is divided into two parts in the Analyzer; one part is deoxidized from NO2 to NO by 
the NOx converter and is used for NOx (NO2 + NO) concentration measurement. The 
other portion is used as is, as for measurement of NO. 
The oxygen is measured by the well known Galvanic cell method. Gold is used as 
the anode and lead (Pb) is used for the cathode. Potassium hydroxide (KOH) is used 
as the electrolyte. A suitable load resistance is connected to the electrodes, exhaust 
gas passes through the permeable membrane and the O2 inside is deoxidized by the 
anode as shown in the following equations: 
(Anode) 2 22 4 4O H O e OH
   
      
 (12) 
 
(Cathode) 22 2 4Pb Pb e           (13) 
 
The electromotive force generated by the electrochemical reaction is measured and 
calibrated to read the oxygen concentration. 
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Figure 7: Exhaust emission measurement equipments 
 
The CO measurement is based on the non-dispersive infrared analysis method. By 
absorbing the infrared light beam the CO concentration in the exhaust gas is 
continuously measured. A schematic diagram of the Infrared analyzer is shown in 
figure x. Exhaust gas is introduced into the measurement cell where an infrared 
light beam is passed through and enters a detector cell that encloses a sample of CO 
gas at a steady state.  
 
The splitter beam divides the infrared light for the measurement of a second gas 
component (not shown). The MAIN side reads the signal of the measured component 
gas of interest together with the interfering components and the COMP side reads 
the signal of the interfering component. These signals are then sent to a CPU where 
the two signals are compared and the interfering component‘s effects are eliminated 
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giving a precise measurement of CO. figure 8 shows the schematic diagram of this 
process 
 
Figure 8: Schematic diagram of non-dispersive infrared measurement method. 
 
 
2.3. Particle Emission Measurement  
Particulate emissions in the exhaust gas may originate from a number of sources; 
agglomeration of very small particles of partly burned fuel, partly burned lube oil, 
ash content of fuel oil and cylinder lube oil, sulphates and water. The size 
distribution of the aerosol is a function of the chemical and physical processes 
occurring between the point of aerosol generation and the point of aerosol collection. 
These processes, such as dilution, coagulation, condensation, homogeneous and 
heterogeneous nucleation, simultaneously affect the aerosol size distribution but are 
not well understood (David B. Kittelson et al, 1998). The formations of these 
compounds are affluence by fuel properties and combustion conditions.  
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Figure 9: Experimental setup with particle sampling system 
 
 
Figure 9 shows the experimental setup with the particle measurement system. In 
large direct injection engines, at temperatures above 500⁰C, individual particles of 
principally clusters of many small spheres or spherules of carbon of diameters of 15 
to 30 nm (with a small amount of hydrogen) has been documented (Heywood, 1998). 
At low temperatures below 500⁰C, the particles tend to be coated with absorbed and 
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condensed high molecular weight organic compounds which include unburned 
hydrocarbons and oxygenated hydrocarbons (ketones, esters, ethers, organic acids 
and polynuclear aromatic hydrocarbons (Heywood, 1998). This is one key reason 
which makes the study of PM emission from biofuels an interesting issue. 
 
Figure 10: Schematic diagram of ELPI particulate matter measurement system 
 
The instrument used for particle measurement in this study is ElectricLow 
Pressure Impactor (ELPI) (figure 10). This is a real-time particle size spectrometer 
designed at the Tampere University of Technology for real-time monitoring of 
aerosol particle size distribution. The ELPI measures airborne particle size 
distribution in the size range of 0.03μm to 10μm with 12 channels. With filter stage 
the size range can be extended down to 7 nm. The operating principle is based on 
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particle charging, inertial classification in a cascade impactor, and electricdetection 
of the aerosol particles. The main components of the instrument are a corona 
charger, low-pressure cascade impactor and multichannel electrometer. 
 
 
Figure 11: Photograph of particle measurement system 
 
In ELPI (photographic view shown in figure 11) the sample first passes through a 
unipolar positive polarity charger where the particles in the sample are charged 
electrically by small ions produced in a corona discharger. The charged particles are 
then classified into sizes in a low-pressure impactor. The impactor is an inertial 
device classifying the particles according to their aerodynamic diameter and not by 
their charge. The stages of the impactor are insulated electrically and each stage is 
connected individually to an electrometer current amplifier. The charged particles 
collected in a specific impactor stage produce an electric current, which is recorded 
by the respective electrometer channel. A larger charge correlates to a higher 
particle population. 
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The current value of each channel is proportional to the number of particles 
collected, and thus to the particle concentration in the particular size range. The 
current values are converted to a (aerodynamic) size distribution using particle size 
dependent relations describing the properties of the charger and the impactor 
stages. Figure 12 shows such a distribution during the experiment. 
 
 
Figure 12: Sample output data of PM measurement system 
 
 
2.4. Measurements and Data Acquisition System 
Dynamic cylinder pressure is measured using KISTLER sensor of type 6051B. It is 
capable of measuring cylinder pressures of between 0 to 250 bars at continuous 
operating temperatures of -50 to 350°C and at maximum short-time temperatures of 
400⁰C. It operates on the principle of piezoelectric effect, the cylinder pressure acts 
on the diaphragm, which converts it into a proportional force. This force is 
transmitted onto the quartz, which under loading yields an electrostatic charge. An 
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electrode picks up this (negative) charge and takes it to the plug, after which the 
connected charge amplifier converts it into a (positive) voltage. The line powered 
charge amplifier is type 5011B which converts the signals from the piezoelectric 
measuring sensors into proportional signals. The microprocessor-controlled 
electronic circuitry allows continuous adjustment of the measuring range with 
simple controls on the front panel of the amplifier. This is feed to the computer 
system used for the analysis of the engine combustion which is connected to the 
measurement systems on the engine and dynamometer through the charge 
amplifier. Pressure readings are dynamic and are stored periodically by the user by 
taking a predefined average of four complete cylinder cycles for further analysis. 
The measurement of the torque can be read both in analogue and digital and 
capable of measurements of 0- 50 Nm with a digital speed measurement system 
with a range of 0-120 rev/s.  The injection timing can be adjusted from 0⁰ to 20⁰CA 
before TDC. The running hours for the duration of the test are digitally displayed 
on the control console with a range of 0- 999 hours. The injection timing control 
system has been designed to meet the requirement of a manual or computer 
controlled variable injection timing system.  
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Figure 13: Control room 
 
The unit will provide an ignition drive pulse with a nominal dwell angle of 50 
degrees, although this can be readily altered if required. The engine timing can be 
varied either by a 0 to 10 volts drive voltage or a manual control potentiometer, 
selection being made by an external control signal. The value of the injection timing 
can be read and adjusted in the Lab view program in the combustion analysis 
system (CAS) which is located in the control room (figure 13) 
. 
The injection control system accepts three external input signals; speed, crank 
angle reference and the injection reference. The signals are use to generate the 
relevant timing and gating pulses. The speed signal (about 100 pulses per 
revolution) is used to generate an analogue voltage level which is proportional to 
the engine speed. The speed and load meter display circuit receives the raw speed 
and pre-conditioned load signals plus a digital encoded barometer signal. The 
circuit conditions these in preparation for driving the front panel indicators and 
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displays. The circuit also outputs several digital status signals on the CAS status 
lines to indicate the speed and load levels.  
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Chapter Three: Experimental Procedure  
 
3.1. Planning of the experiment 
The applied test methodology is outlined in the following flow chart: 
 
Figure 14: Flow chart of experimental methodology 
 
 
 
Assess test engine 
and its 
intrumentations
Establish test mode 
and sequence
Calibrate 
measurement 
systems
Analysis of 
repeatability, 
variance and 
uncertainty
Primary reference 
fuel: Marine diesel 
fuel
Test fuel 1: 
1 G Biodiesel  fuel
Test fuel 2:
1.5G Biodiesel fuel
Test fuel 3:
2G Biodiesel fuel
Test fuel 4:
3G Biodiesel fuel
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3.2. Test modes 
The experimental procedure for the measurement of exhaust emission is based on 8 
point test mode of the ISO 8178-4:2007. These 8 test points sufficiently define the 
power and torque curve from highest to the lowest speed range. The speed range 
also includes the maximum power and torque produce by the engine.  The test 
cycles are performed in ascending order as shown in the table 3.  
 
Mode 
Number 
1 2 3 4 5 6 7 8 
Speed                 Rated speed   Intermediate 
speed 
Low-idle 
speed 
Torque (%) 100 75 50 10 100 75 50 10 
Weighting 
factor 
0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15 
Table 3: ISO 8-point test mode  
 
The 8- modes are divided into three speed groups; modes 1-4 are based on the rated 
speed of the engine. the rated speed is defined as the speed at which the rated 
power is produced. Mode 5-7 are runned based on the intermediate speed of the 
engine and the 8th mode is based on the engine idle speed. The dynanometer loads 
based on the percentage maximum torque as indicated in table 3. Finally, a weight 
factor is assigned to each mode for the final analysis.  
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3.3. Establishing idling speed 
The engine is coupled to a dynamometer with a continuous power rating of 30KW 
with a maximum speed of 100 rev/s. The dynamometer is an electric direct current 
machine rated at 400 volts, 70 amps. Since the dynamometer can both load and 
motor the engine, establishing the idle speed at an out power of zero from the 
engine is a trick business. However, using an injection timing of 9⁰ and ID of 
0.31ms, an idle speed of 20rps established. The established idle speed will be 
eventually used for the 11th mode of all the fuel test sequences. 
 
3.4. Operating Conditions for preliminary testing 
The test engine is naturally aspirated. The test is divided into 8 separate modes 
(table 4) and each mode defines a specific engine operating conditions. The 
operating conditions are defined by the load and speed. The injection timing and 
duration are selected for each mode to achieve the optimum operating conditions 
and are all within limits recommended by the research engine manufacturer.  
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Mode  Injection timing 
(degrees) 
Injection 
duration 
(milliseconds)  
Load speed 
8 9° 0.31 0% 20(Idle)  
7 12° 0.5 50% 37.5 
6 13° 0.75 75% 37.5 
5 13 1.23 100% 37.5 
4 19 0.34 10% 50 
3 18 0.45 50% 50 
2 17.5 0.54 75% 50 
1 18 0.75 100% 50 
 
Table 4: Experimental engine operating conditions at different test modes 
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Figure 15: Percentage of full-load torque at each engine speed 
 
The high pressure injection pump was set at 700 bars and the engine inlet air 
temperature is set at 50°. From these operating conditions the various load has 
been set as shown in figure 15. The variation in injection timing has an effect on 
NOx emission. By increasing the ignition delay substantial reduction in NOx 
emission can be achieved but with some penalty in SFC. Therefore in choosing the 
ignition timing, a compromised has been made towards BSFC and NOx emission. 
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HC are higher at low loads and can increase further with increased in ignition delay 
from the optimum. This phenomenon is even more pronounced at idle speed. At 
high loads, HC emissions are low but can also vary with ignition timing. 
 
The goal of the initial testing is to assess the stability of the engine and its 
measurement systems. A series of measurement is performed to establish 
repeatability and further measurements are carried out for several days in 
order to incite understanding of the effect of atmospheric pressure on the 
performance of the test engine. To characterize the dynamic behavior of the 
engine, the dynamic in-cylinder pressure measurements (figure 16) is used.  
 
Figure 16: Dynamic in-cylinder pressure measurement trace 
 
The cylinder pressure measurement profile is traced by taking the average of four 
complete cycles and displayed in real time in the combustion analyzer computer. 
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Pressure measurement is taken at every 0.5 crank angles culminating into 1440 
data point for each complete cycle. The white line in figure 16 shows in-cylinder 
pressure trace while the red line traces the corresponding injection valve lift. Static 
measurements of power, torque, specific fuel consumption, air consumption, exhaust 
temperature are recorded at every 4 seconds interval and these data are use to 
characterize the steady state behavior of the engine. The uncertainty of 
measurement is analyzed by calculating the standard deviations and detail error 
analysis is done by using a known statistical method referred to as Analysis of 
Variance (ANOVA). The results for this analysis, methods used and presentation 
are explained in chapter five. 
 
3.5. Maximum load and speed definition 
The maximum permissible speed and loads have been define using a Filter Smoke 
Number (FSN≤ 2.5) is in accordance with ISO 10054. This was achieved by drawing 
a known volume of exhaust gas at steady state to an AVL smoke meter through a 
paper filter. The FSN is determined by measuring the reflectance of the paper 
blacking by the exhaust gas. This is detected by photoelectric sensors and the 
results are calibrated to give the FSN. 
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Figure 17: smoke number vs. torque at 1188rpm 
 
 
Figure 18: smoke number vs. toque at 1800rpm 
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Figure 19: smoke number as a function of torque at 3400 rpm 
 
Speed (rpm) Maximum load 
(Nm) 
FSN 
1200 25 2.24 
1800 24 2.18 
3400 19.5 2.19 
 
Table 5: FSN and load point definition 
 
by varying the torque at each speed level and taking measurements of the FSN, the 
maximum permissible FSN for each speed level have been defined as shown in table 
5. 
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6.1. Modified engine operating conditions 
Upon thorough analysis of the preliminary data and after making adjustments on 
the engines measurement and operating conditions, a new operation mode has been 
adopted based on the Universal test cycle of ISO 8178-4: 2007 as shown in table 6. 
This cycle is chosen because of its suitability for performance as well as emission 
measurement of test bench power plants. It is divided into three test cycles based on 
three constant speed ranges of the engine.map a wide range of loads  
 
Mode 
Number 
1 2 3 4 5 6 7 8 9 10 11 
Speed                 Rated speed     Intermediate speed Low-idle 
speed 
Torque (%) 100 75 50 25 10 100 75 50 25 10 0 
Weighting 
factor 
           
Table 6: ISO Universal test cycle  
 
The fuel injection pressure has been increased to 1200 bar and based on the 
measurement of the maximum permissible Filtered Smoke Number ((FSN) shown 
in table 5, suitable loads and speed matrix has been set for each operating mode. 
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Mode  Injection timing 
(degrees) 
Injection 
duration (ms)  
Load 
(%) 
Speed 
(rpm) 
1 17 0.53 100 3400 
2 17 0.37 75 3400 
3 17 0.34 50 3400 
4 17 0.31 25 3400 
5 17 0.30 10 3400 
6 8.5 0.65 100 1700 
7 8.5 0.52 75 1700 
8 8.5 0.37 50 1700 
9 8.5 0.35 25 1700 
10 8.5 0.31 10 1700 
11 9 0.31 0 1200 
 
Table 7: Experimental engine operating conditions 
 
The performance measurement modes are selected such that all engine operating 
conditions are simulated. Using the ISO test mode as a reference cycle, the test 
modes are based on 10%, 25%, 50%, 75% and 100% of maximum torque at three 
different speed levels. The mode points are defined by torque and speed as shown on 
figure 20. 
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Figure 20: Percentage of full-load torque at each engine speed  
 
The experiment is performed case by case basis by keeping the speed constant at 
three different  speed levels and varying the torque as shown in tables 8-10. 
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Case 1: 1200 rpm 
In case 1, the engine was maintained at a constant speed of 1200rpm and the load 
was varied as per table 9. The common rail pressure was set at 1200 bar. The 
injection time was also set at constant timing of 8.5º for all load points while the ID 
varies as in table 8. 
Injection 
duration (ms) 
Torque 
(Nm) 
Load (%) 
0.32 2.5 10 
0.36 6.25 25 
0.42 12.5 50 
0.58 18.75 75 
0.71 25 100 
 
Table 8: Case 1 engine operating conditions 
 
Case 2: 1700 rpm 
The injection timing in case 2 was set at constant timing of 8.5º for all load points 
while the ID varies as in table 9. The engine was maintained at a constant speed of 
1700rpm and the load was varied as described. The common rail pressure was set at 
1200 bar. 
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Injection 
duration (ms) 
Torque 
(Nm) 
Load (%) 
0.31 2.43 10 
0.35 6.07 25 
0.37 9.11 50 
0.52 18.22 75 
0.65 24.29 100 
 
Table 9: Case 2 engine operating conditions 
 
Case 3: 3400 rpm 
In case 3, the engine was maintained at a constant speed of 3400rpm and the load 
was varied as described. The common rail pressure was set at 1200 bar. The 
injection time was also set at constant timing of 17º for all load points while the ID 
varies as in table 10. 
 
Injection 
duration (ms) 
Torque 
(Nm) 
Load (%) 
0.3 1.95 10 
0.31 4.875 25 
0.34 9.75 50 
0.37 14.625 75 
0.53 19.5 100 
 
Table 10: Case 3 engine operating conditions 
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3.6. Hydra engine starting sequence 
The starting of the Ricardo research engine follows the same starting sequence as 
any normal diesel engine. As indicated in step 1, it is important to ascertain that 
the engine is moving freely without any obstruction. This can be verified by simply 
turning the output shaft twice.  Check to ensure that oil level is between the 
minimum and maximum oil marks. There are two valves located in the engine 
room; one for cooling the engine and the other for cooling the fuel return from the 
engine, these should be opened before starting the engine and must be closed after 
the engine has been shutdown. The electronic injection system located in the engine 
room should be switched on; the fuse must be checked regularly and must be 
replaced when damaged. The cooling water pump and the dynamometer switches 
are located in the control room and these must be switched on at this stage.  
Prediction of DI-CI Engine Performance and Emission Characteristics of Varying Renewable Diesel Fuels with 
Experimental Results from Marine Diesel fuel 
Master’s thesis 
Lamin Jawara 
 
Norwegian University of Science and Technology | Chapter Three: Experimental Procedure 48 
 
 
Figure 21: Flow chart of experimental setup starting sequence 
 
3.7. Test Sequence  
The test sequence follows the ISO Universal test cycle (table 7). The sequence 
however starts with the eleventh mode descending down to mode one as shown in 
the flow chart at figure 22. Mode 11 is basically an idle mode set at a speed 
corresponding to zero power output from the engine. The details of this setting are 
explained in section 3.4.  
 
step 1
•Turn engine twice
•check water 
•check oil
•open cooling water for fuel
•open cooling water for engine
Step 2
•turn on power for injection system
•turn on water pump
•switch on the dynamometer 
•switch on oil and coolant pumps
•switch on air heater, oil heater and coolant heater
Step 3
•Start program: LabView 2010
•Start 'Hydra Analogue and Dyn. VI' and run it
•Start low pressure fuel pump
•PressReset and start engine
•Start the high pressure injection pump
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Figure 22: Flow chart of test sequence 
 
The speed and loads are of those depicted in the flow chart. The combustion was 
however optimized for each mode by observing the dynamic pressure diagrams and 
making manual adjustments on the ignition timing and ID (table 4) 
 
 
3.8. Engine Performance Parameters  
The development of models to study the behaviour of internal combustion engines 
has long been the focus of engineers. These models which have been developed over 
time have led to the improvement of performance and reduction of emission thus 
leading to a better engine design. The practical engine performance of interest are 
torque, power and specific fuel consumption. The torque depends on the engine‘s 
cylinder displacement volume and mean effective pressure which can be expressed 
as: 
Mode 11
Speed: IDLE
0% load
mode 10
speed 1700 rpm
10% load
mode 9 
speed: 1700 rpm
25% load
mode 8
speed: 1700 rpm
50 % load
mode 7
Speed: 1700 rpm
75% load
mode 6 
Speed: 1700 rpm
100% load
mode 5
speed: 3400 rpm
10% load
mode 4
speed: 3400 rpm
25% load
mode 3 
speed: 3400 rpm 
50% load
mode 2 
speed: 3400 rpm 
50% load
mode 1 
speed: 3400 rpm 
100% load
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4
d meV PT

             (14) 
The power of the engine depends mainly on the effective piston area, mean effective 
pressure and mean piston speed. The power can be expressed as: 
4
m
me p
C
P P A
          
 (15) 
The brake mean effective pressure Pme can be defined as the ratio of the brake work 
done (Wb) per cycle to the cylinder displacement volume. 
 
b
me
d
W
P
V
            (16) 
 
Thus for an optimal design engine, the mean effective pressure and mean piston 
speed are limited by the cylinder inlet flow parameters; flow area limited by 
naturally aspirated engines and pressure limited by turbocharged engines due to 
stress limitations of the moving parts. The torque is therefore proportional to the 
displacement volume and the power to the piston area (Heywood, 1998). 
During the experiment the engine speeds, torque, atmospheric pressure, air flow 
inside the clylinder and fuel consumption are measured. To show how these 
parameters effect the engine performance, an investigation into the relationship 
between the engine parameters is necessary. The following relation can be 
developed for power (Heywood, 1998): 
 /f a LHV
R
m Nh F A
P
n


        
 (17) 
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For a four stroke engine, we can introduce the volumertic efficiency as follows: 
 /
2
f v d LHV aNV h F A
P
  

        
 (18) 
 
By dividing the power above by the effective piston area the specific power can be 
shown for any engine regardless of cylinder size. This is the power per unit piston 
area shown as: 
 /
2
f v LHV a
p
NSh F AP
A
  

        
 (19) 
 
It is clear from the above equation that the specific power is proportional to the 
product of mean effective pressure and the mean piston speed as: 
  /me f v LHV aP h F A            (20) 
 
2mC NS           
 (21) 
 
The above relationships shows the importance of measuring the atmospheric 
pressure and engine speed. Parameters such as stroke and piston area are 
obtainable from the engine specification data while  the lower heating values and 
fuel/air ratio can be extracted and calculated respectively from the fuel properties.  
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The volumetric efficiency v of the engine is the ratio of the mass of air supplied 
through the intake valve during the intake stroke to the mass of air when perfectly 
filled by the displacement volume under standard atmospheric condition. The 
volumetric efficiency can be expressed as:  
 
a
v
a d
m
V


            (22) 
 
Other important performance measurement parameters are explained in detail in 
section 3.5.1 to 3.5.5. 
 
3.8.1. Brake fuel conversion efficiency 
The fuel conversion efficiency is an important criteria for determining how the 
energy content in the fuel in converted by the engine into useful work. The fuel 
conversion efficiency is calculated from the formula: 
 
.
/
c R
f
f LHV f LHVf R LHV
W P n P
m h m hm n N h
   
      
 (23) 
 
The work done by the engine in one cycle and absorbed by the dynamometer is the 
product of the power P  and number of crank revolution Rn  for each power stroke 
per cylinder (two for four stroke cycles and one for two stroke cycles). 
The specific fuel consumption  sfc , which is a measure of how efficiently the engine 
is using the fuel supplied to produce useful work, can be related to power as: 
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fm
sfc
P

          
 (24) 
 
Substituting in the above equation 
1
.
f
LHVsfc h
             (25) 
 
3600
[ / ]. [ / ]
f
LHVsfc g KWh h MJ kg
 
       
 (26) 
 
Since the lower heating value is a constant quantity for an specific fuel (typically 
between 42 to 44 MJ/kg for commercial hydrocarbon fuels). Thus the fuel conversion 
efficiency is determined by the specific fuel consumption. The specific fuel 
consumption is inversely proportional to fuel conversion efficiency, if the specific 
fuel consumption is high, we should expect lower fuel conversion efficiency. In 
comparing a number of different fuels with different lower heating values, we will 
also expect the lower heating value to have an effect on the fuel conversion 
efficiency.  
 
3.8.2. Rate of Heat Released  
The equation of the heat flow can be derived from the first law of thermodynamic 
vdU mc dT dQ pdV           
 (27) 
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The gas equation can be written as: 
dP dV dT
P V T
 
         
 (28) 
 
The differential of temperature can be eliminated by substituting equation 29 into 
28 and assuming that the internal energy,  
vU mc T           
 (29) 
 
Also considering that: 
p vR C C              (30) 
And 
PV mRT            (31) 
 
In developing the heat release model, a single zone combustion defined by the ratios 
of specific heat of adiabatic index k in equation (32) is usually assumed.  
p
v
C
C
              (32) 
In reality, both Cp and Cv are functions of temperature and pressure. However, the 
values can remain fairly constant with little variations in temperature. Based on 
this argument, the HRR cure can be divided into three zones. These zones can be 
referred to as compression, combustion and expansion zones. In the compression 
zone, κ can be assigned values appropriate to air at the end of air compression 
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stroke before the onset of combustion; a value of approximately 1.35 has been 
suggested by (Heywood, 1998). In the combustion zone the most accurate value of κ 
for analysis rate of heat release analysis which occurs during combustion is not well 
defined. An estimate of 1.26- 1.3 at an equivalent ratio immediately after 
combustion has been estimated by (Heywood, 1998). However, for simplicity a 
uniform zone combustion model can be derived by solving for the differential of the 
heat Q which yields: 
 
1
1
dQ VdP PdV

 

           (33) 
 
 Differentiating with respect to the crank angle yields: 
1
1
dQ dP dV
V P
d d d

   
 
             
 (34)
 
 
Knowing the volume function  V V   and the pressure function  P P   
equation (34) defines the net heat flow entering the cylinder. During compression 
and expansion stroke the heat flow is entirely due to heat transfer, whereas during 
combustion the net heat flow is the difference between the net energy released by 
combustion and the heat loss due to heat transfer. 
ch HT
dQ dQdQ
d d d  
            (35) 
 
The first term on the right hand side is usually called the rate of heat release 
ROHR. Equation (36) can be used to determine the heat flow during compression 
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and expansion directly. Basically the gas composition is constant during these 
events. The composition however, changes during combustion and is different 
during expansion compared to compression. 
 
Even if the assumption of constant gas composition is violated during combustion, 
equation (35) is often used for determining the Rate of Heat Release ROHR. The 
pattern of the ROHR-curve determined by this method will be approximately 
correct, giving the basis for comparing ROHR-curves of different fuels. 
 
The total heat transferred can be determined by integration of equation (33): 
 
1
0
dQ
Q d
d




             (36) 
 
When 
dQ
d
 represent ROHR the total heat transferred corresponds to the total 
energy released by combustion, which again can be related to the fuel consumption: 
 
f LHV cQ m h             (37) 
 
In diesel engines the combustion efficiency c is very close to unity. However, 
accurate values of fuel consumption can be obtained only if accurate value of heat 
loss is available. 
f
LHV c
Q
m
h 
            (38) 
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3.8.3. Dynamic Cylinder Pressure 
If the rate of heat released and the heat lost are known, the differential of the 
pressure can be determined from equations (27) and (28) as in the previous section: 
 
 
1
1
P
dP dQ dV
V V
   
        
 (39) 
 
Differentiation with respect to crank angle: 
 
 
1
1
dP dQ P dV
d V d V d
 
  
            (40) 
 
This differential equation determines the pressure function  P P   when the net 
heat  Q Q   and the volume function  V V  are known along with their 
derivatives. The solution can be found by numerical integration, step by step, 
starting from an assumed initial state, for example at the beginning of compression.  
 
Equation (40) determines the pressure when the ROHR and the heat loss are 
known. The solution will depend on, among other parameters, the timing of ignition 
(start of combustion), the shape of the ROHR function, the duration of combustion, 
and the total energy released during combustion. Variation of these factors will 
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have impact on cylinder pressure and thereby also on indicated work and thermal 
efficiency.  
Based on computed cylinder pressure the temperature can be found using the gas 
equation. If needed, the derivative of temperature may be determined by means of 
equation (28). 
The equations defining the net heat flow, equation (34) and the cylinder pressure, 
equation (40) are both based on the assumption that the combustion gases have 
ideal gas properties and the heat capacities may be a function of temperature: 
( )p pC C T            (41) 
 
( )v vC C T            (42) 
 
When using ideal gas properties the corresponding values of pressure, temperature 
and volume will be realistic, and far better than for computations based on perfect 
gas data.  
 
The main limitations of the closed system dynamic state equations are related to 
the assumption of fixed gas composition. These limitations can be lifted by taking 
mass flow into and out of the system into account, and allowing the gas composition 
to change during combustion and during the gas exchange process.   
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3.8.4. The cylinder volume function 
The compression ratio is defined by equation 7. 
The connecting rod to crank ratio is defined by: 
l
a
 
            
(43) 
The relation between the piston stroke and the crank angle is defined by equation 
43. 
2S a            (44) 
 
The cylinder volume (Heywood, 1998) at any crank angle is given by  
 
2
4
d c
B
V V l a s

   
         
(45) 
 
Where s is the intanteneous distance between the crank axis and the piston pin axis 
which can be further expresssed by 
2 2 2cos sins a l a              
(46) 
 
Combining equations (45) and (46) the cylinder volume can be computed as a 
function of crank angle from the equation (47) provided that the crank mechanism 
is rigid. 
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      21 1 11 cos 1 1 sin1 2c dV V   
                 
(47)
 
This equation defines the clearance volume at any crank angle. This variation for a 
four stroke engine as the it goes through its two cycles is shown in appendix D. 
 
The derivative of the volume with respect to crank angle 
dV
d
 is found by 
differentiating the clearance volume function. The resulting differentiating equation 
shown below defines the rate of change of cylinder volume with respect to crank 
angle. 
 
2
sin 2
sin
2 2 1 sin
c ddV V
d
 

  
 
  
  
        (48) 
     
3.8.5. Exhaust emission measurement 
The formation of xNO  in internal combustion engines is well documented in 
literature. Nitric oxide (NO) and nitrogen dioxide are collectively referred to as 
oxides of nitrogen (NOx). NO, however, is predominantly produced in the cylinder of 
internal combustion engines. The main source of NO is the oxidation of nitrogen 
present in the atmosphere and combustion fuels where the fuel contains a 
significant amount of nitrogen. The formation rate is primarily a function of 
temperature and residence time at that temperature during the combustion process. 
At high temperatures, usually above 1600°C, nitrogen (N2) and oxygen (O2) in the 
combustion air disassociate into their atomic states and participate in a series of 
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reactions formingNO . It is accepted this formation is through the extended 
Zeldovich mechanism: 
2N  O  NO  N            (49) 
 
2N  O  NO  O            (50) 
 
N  OH  NO  H            (51) 
 
(Heywood, 1998) Has shown that the initial NO formation rate can be formulated as 
shown in the equation below. This initial formation rate reaches its maximum at 
stoichiometric fuel/air equivalent ratio and decreases rapidly as the fuel/air 
equivalent ratio becomes richer or leaner. 
16
1 2
2 21 2
[ ] 6 10 69.090
exp [ ] [ ]e e
d NO
O N
dt T T
  
  
 
      (52) 
 
Where d[NO]/dt is the rate of NO formation, T is the temperature at which NO 
formation occurs, [ ]eO and 2[ ]eN are the equilibrium concentrations of oxygen and 
nitrogen dioxide. It is evident from the above equation that the formation rate is 
strongly dependent on the exponential term. High combustion temperature and 
high oxygen concentrations will yield high rate of NO formation. The rate of NO 
formation has been found to occur during the ignition delay period. During this time 
period, the fuel vaporizes, mixes with hot air which causes additional heating at 
stoichiometric conditions.  During this evolution, the only area of sufficient 
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temperature and oxygen availability necessary for substantial kinetic NO formation 
is found at the flame front (DJ Timoney et al, 2005). 
 
The characteristic time for this process can be written as  
1 1 [ ]
[ ]
NO
e
d NO
NO dt
  
         
 (53) 
 From the reaction of oxygen (O2) and nitrogen (N2) 
2 2 2O N NO           
 (54) 
And considering the NO equilibrium concentration [NO]e, 
1 2
2 2[ ] ( [ ] [ ] )e NO e eNO K O N         
 (55) 
21,650
20.3 TNOK e
 
 
  
         
 (56) 
 
The characteristic time for NO formation can be written as  
 16
1 2
8 10 exp 58,300
NO
T T
P


          (57) 
Where the unit of NO  is given in seconds, T is given in Kelvin and P is given in 
atmospheres. 
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Chapter four: Statistical Analysis of preliminary 
data 
 
4.1. Analysis of Variance  and Repeatability 
The quality of data is assessed by Analysis of Variance (ANOVA) which is a known 
statistical method. This is a good method for determining if there are significant 
differences for the twelve different trials of the in-cylinder pressures and 
performance data of the nine trials. The name "analysis of variance" is based on the 
manner in which the procedure uses variances to determine whether the means are 
significantly different.  The procedure works by comparing the variance between 
group means versus the variance within groups as a method of determining 
whether the groups are all part of one larger population or separate populations 
with different characteristics. To use this method of analysis, we must set up two 
hypotheses; a null hypothesis which states that all population means (factor level 
means) are equal while the alternative hypothesis states that at least one is 
different: 
0 1 2: ........ ;kH       
H\: At least two of the means are not equal. 
0.05   
Using these two hypotheses, we can model the correlation between the response 
variables and the different independent variables to be investigated. During the 
analysis in MINITAB the different measured data are entered in different columns 
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(unstacked). MINITAB allows multiple comparison methods for the mean and 
different error rates such as the Fisher‘s method and Turkey‘s method. However, 
during this analysis emphasis was put on the Turkey‘s method because this allows 
us to use family error rates (experiment wise) instead of individual error rates. The 
Turkey‘s family error rate is usually estimated between 0.001 and 0.5. The error 
rate used for this analysis is 0.05 and based on this error rate we can determine 
from the resulting p-value if our result is significantly different from the one 
observed. If the p-value is less than the confidence level, then it can be concluded 
that at least one measured data value mean is different.  
Hsu's MCB, family error rate estimates confidence interval for the difference 
between each level mean and the best of the other level means. This method uses a 
family error rate sometimes referred to as family wise error rate to control what is 
referred to as ―type 1‖ error, which basically means assuming a difference exist 
when it does not in fact exist.  Confidence intervals which usually lie between a 
family error rate of 0.001 and 0.5 are usually used to assess if the means are 
different. For this analysis an error rate of 0.05 was used. If an interval has zero as 
an end point, it can be concluded that there is a statistically significant difference 
between the corresponding means. If on the other hand the interval does not have 
zero as an end point, the difference between means is not statistically significant. 
The individual value plot and boxplot helps to visualize the central tendency, 
variation, and distribution of data. The residual plots give important information by 
which we can check the reliability of the test's assumptions. The plots tell us at a 
glance if we can trust the test results. 
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The three-in-one residual plot displays three different residual plots together in one 
graph window. This layout is very useful for comparing the plots to determine 
whether the model meets the assumptions of the analysis. The residual plots in the 
graph include: 
 Histogram tells us the number of times a certain value occurs in the 
distribution. It therefore gives a good indicates whether the data are skewed 
or outliers exist in the data. 
 Normal probability plot indicates whether the data are normally distributed, 
other variables are influencing the response, or outliers exist in the data 
 Residuals versus fitted values indicates whether the variance is constant, a 
nonlinear relationship exists, or outliers exist in the data 
The results of the ANOVA are shown as follows: 
 
Figure 23: Statistical analysis of torque measurement error at part load 
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Figure 24: Statistical analysis of torque measurement error at full load 
 
From figure 24 it is evident that the engine more stable at high load than at part 
load. The torque measurement at full load follows a fairly straight line in the 
normal probability plot with only a few outliers while exhibiting more deviations at 
part load (figure 23). In the residuals versus the fitted value plots, the errors have a 
constant variance at full load while the residuals increases with the fitted values 
indicating that the errors may not have a constant variance. Also in the frequency 
versus the residual at full load the errors are equally distributed at either sides of 
the histogram showing a fairly good stability while at low load they seems to be 
randomly distributed between -0.9 to 0.6 Nm. Though this variation is between 5 to 
7% of the mean value but it is a clear indication of the instability of the engine at 
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part load. At full load the error ranges from -0.3 to 0.2 Nm with a mean torque of 
25.2 Nm with a standard deviation of 0.28 Nm (figure 13). 
 
Figure 25: Boxplot of torque for nine trials at part load 
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Figure 26: Individual value plot of torque for nine trials at part load  
 
The boxplot (figure 25) and the individual value plot (figure 26) of torque at part 
load reveal a very disturbing data. The variations of the set of data do not follow 
any pattern.  Trial 2 and 8 exhibits a larger variability than the rest of the trials 
but contain no outliers. However, the position of the median is significantly 
different from the mean and suggests that the data is skewed. This suggests that 
the variance in the errors term is not constant and therefore the measurement is 
not reliable. Furthermore, the evidence of outliers and skewness of the data suggest 
instability of the engine at part load or inconsistency in the measurement system. 
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Trials  Mean Torque Mean Atmospheric 
pressure 
Trial 1-3 13,19 1.01227 
Trial 4-6 12,56 0.99089 
Trial 7-9 12,86 0.99731 
 
Table 11: Factor of analysis for torque showing correlation with atmospheric pressure  
 
The effect of atmospheric pressure on the brake torque of the engine is not readily 
apparent.  By performing a factor of analysis as outlined in table 11, the mean 
torque is found to vary with atmospheric pressure according to table 11. 
 
 
Figure 27: Boxplot of Torque for nine trials at full load 
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Figure 28: Individual value plot of torque at full load 
 
Figure 28 and 29 shows the boxplot and the individual value plot of torque 
measurement at full. It is readily evident in the two figures that the variations of 
the set of data follow some specific pattern. All the individual data set seems to 
exhibit very small variances and the majority of the individual data set contain no 
outliers except data set in trials 3 and 5 each of which contain only a single outlier. 
From the Boxplot, the position of the median is not significantly different from the 
mean suggesting equal distribution of the error term on either side of the mean. 
Based on this plot, in seven out of the nine trials the residuals appear to be 
randomly scattered about zero. No evidence of non-constant variance, missing 
terms, or outliers exists in the majority of the data. By performing a factor of 
analysis; it is evident from the two plots that the variation of the data set is mainly 
as a result of effect of variation in atmospheric pressure. 
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Figure 29: Statistical analysis of the error in power measurement at part load 
 
 
Figure 30: Statistical analysis of the error in power measurement at full load 
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The error analysis of power measurement seems to follow the same trend as the 
torque measurement with the error ranging from -0.3 to 0.225 at part load (figure 
30) and -0.09 to 0.09 at full load (figure 31). The mean measured power at part load 
is 4.04KW with a standard deviation of 0.13 and 7.92KW with a standard deviation 
of 0.08 (table 13). 
 
 
Figure 31: Boxplot of power for nine different trials at part load 
 
trial9trial8trial7trial6trial5trial4trial3trial2trial1
4,5
4,4
4,3
4,2
4,1
4,0
3,9
3,8
P
o
w
e
r 
(K
W
)
Power: Boxplot of trials1-9
Prediction of DI-CI Engine Performance and Emission Characteristics of Varying Renewable Diesel Fuels with 
Experimental Results from Marine Diesel fuel 
Master’s thesis 
Lamin Jawara 
 
Norwegian University of Science and Technology | Chapter four: Statistical Analysis of preliminary data 73 
 
 
Figure 32: Individual value plot of nine different trials at part load 
 
The boxplot (figure 32) and the individual value plot (figure 33) of power at part 
load also reveal a very inconsistent data. The variations of the set of data do not 
follow any pattern.  The presence of a number of outliers in trials 1, 3, 6 and 9 
suggest inconsistency in the data set. Trial 2 and 8 exhibits a larger variability than 
the rest of the trials but contain no outliers. However, the position of the median is 
significantly different from the mean and suggests that the data is skewed. This 
suggests that the variance in the errors term is not constant and therefore the 
measurement is not reliable. Furthermore, the evidence of outliers and skewness of 
the data suggest instability of the engine at part load of inconsistency in the 
measurement system. 
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Trials  Mean Power Mean Atmospheric 
pressure 
Trial 1-3 13,19 1.01227 
Trial 4-6 12,56 0.99089 
Trial 7-9 12,86 0.99731 
 
Table 12: Factor of analysis for power showing correlation with atmospheric pressure  
 
The effect of atmospheric pressure on the brake power of the engine is not readily 
apparent.  By performing a factor of analysis as outlined in table 12, the mean 
power is found to vary with atmospheric pressure according to table 12. This seems 
to suggest that the random nature data set are not only affected by the 
inconsistency in the measurement but also are affected by the atmospheric 
conditions. 
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Figure 33: Boxplot of nine different trials at full load 
 
 
Figure 34: Individual value plot of nine different trials full load 
 
trial9trial8trial7trial6trial5trial4trial3trial2trial1
8,10
8,05
8,00
7,95
7,90
7,85
7,80
P
o
w
e
r 
(
K
W
)
Power Analysis: Boxplot of trials1-9
trial9trial8trial7trial6trial5trial4trial3trial2trial1
8,10
8,05
8,00
7,95
7,90
7,85
7,80
P
o
w
e
r 
(K
W
)
Power: Individual Value Plot of trials: 1-9
Prediction of DI-CI Engine Performance and Emission Characteristics of Varying Renewable Diesel Fuels with 
Experimental Results from Marine Diesel fuel 
Master’s thesis 
Lamin Jawara 
 
Norwegian University of Science and Technology | Chapter four: Statistical Analysis of preliminary data 76 
 
Figure 33 and 34 shows the boxplot and the individual value plot of power 
measurement at maximum load. It is readily evident in the two figures that the 
variations of the set of data follow some specific pattern. All the individual data set 
seems to exhibit very small variances and the majority of the individual data set 
contain no outliers except data sets in trials 3, 5 and 7 each of which contain only a 
single outlier. From the Boxplot, the position of the median is not significantly 
different from the mean suggesting equal distribution of the error term on either 
side of the mean. Based on this plot, in seven out of the nine trials the residuals 
appear to be randomly scattered about zero. No evidence of non-constant variance, 
missing terms, or outliers exists in the majority of the data. By performing a factor 
of analysis; it is evident from the two plots that the variation of the data set is 
mainly as a result of effect of variation in atmospheric pressure. 
 
 
Figure 35: Residual plots of speed measurement for 12 different trials 
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Figure 35 shows the residual plots of speed measurement taken at 12 different 
engine trials. The analysis showed the error ranging from -0.12 to 0.9 with a mean 
speed of 2999 rpm and a standard deviation of 0.07 rpm.  
 
 
Figure 36: Boxplot of speed measurement for 12 trials  
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Figure 37: Individual value plots of speed measurement with 12 different trials 
 
Figure 36 and 37 show box plot and individual value plots of speed measurement 
respective. The box shows limited spread in the data but also highlighted evidence 
of the existence of outliers in the data. The existences of outliers are also evident in 
the individual value plots with trial 12 exhibiting a higher precision than the rest of 
the data sets. There is also less spread in trials 2, 7 and 10 but all show some 
evidence of the existence of outliers. This can be as a result of transient behavior of 
the engine especially during load change. 
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Figure 38: Residual plots of specific fuel consumption measurement of nine trials at full load 
 
 
Figure 39: Residual plots of specific fuel consumption measurement of nine trials at full load 
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The normal probability plots of specific fuel consumption measurements at full as 
well as part load follows a fairly straight line apart from a single outlier in part load 
(figure 38) and a few outliers in the full load (figure 39). These outliers in the part 
load measurement could be as a result of surge during load changes. In the 
residuals versus the fitted value plots, the residuals are more randomly scattered 
about zero for the part load then the full load. In the full load the residuals seems to 
be increasing with the values and as a results the errors may not have a constant 
variance. However, in the frequency versus the residual at full load the errors are 
equally distributed at either sides of the histogram showing despite the errors in 
the measurement, the engine still sustain a good stability characteristics at full 
load. At part load there seems to be a good stability with the error ranging from -
0.15 to 0.15 g/KWh with a mean BSFC of 279.39 g/KWh and a standard deviation of 
6.76 g/KWh. The fuel consumption may not be stable in the part load but the 
variations in measurements from the mean are less than the full load. 
 
Figure 40: Boxplot of specific fuel consumption of nine trials at part load  
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Figure 41: Individual value plot of nine trials of specific fuel consumption measurement at part load 
 
Figures 40 and 41 show the Boxplot and individual value plot of nine trials of 
measurement of specific fuel consumption at part load. The variations of the 
individual data set do not follow any specific pattern.  All the data set exhibit large 
variability except trials 5, 6 and 7 which are seems to be within acceptable limits. 
Outliers are found in trials 3, 5, 7 and 9. The offset of the outlier in data set 9 
indicates that it may be an unidentified variable. The position of the median is 
significantly different from the mean in some of the data sets suggesting that some 
of the data sets are skewed. This suggests that the variances in the errors terms are 
not constant and this is an evidence of inconsistent measurement and cannot be 
relied upon. Furthermore, the evidence of outliers and skewness of the data suggest 
instability of the fuel consumption at part load or inconsistency in the fuel 
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measurement system. I will therefore conclude that the full consumption on part 
load cannot be relied upon. 
 
Figure 42: Boxplot of specific fuel consumption of nine trials at full load 
 
 
Figure 43: Individual value plots of nine trials at full load  
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Figure 42 and 43 shows the boxplot and the individual value plot of power 
measurement at maximum load. It is readily evident in the two figures that the 
variations of the set of data follow some specific pattern. All the individual data set 
seems to exhibit very small variances and the majority of the individual data set 
contain no outliers except data sets in trials 3, 5 and 7 each of which contain only a 
single outlier. From the Boxplot, the position of the median is not significantly 
different from the mean suggesting equal distribution of the error term on either 
side of the mean. Based on this plot, in seven out of the nine trials the residuals 
appear to be randomly scattered about zero. No evidence of non-constant variance, 
missing terms, or outliers exists in the majority of the data. By performing a factor 
of analysis; it is evident from the two plots that the variation of the data set is 
mainly as a result of effect of variation in atmospheric pressure. 
 
Figure 44: Residual plots of air consumption measurement of nine trials at part load 
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Figure 45: Residual plots of air consumption measurement of nine trials at full load 
 
The normal probability plots of air consumption measurements at part load as well 
as full load follow a fairly straight line. However, the measurements at part load 
(figure 44) seem to exhibit some serious outliers which also seem to show at full load 
(figure 45) but with a less pronounced scale. This seems to suggest that the 
indicated error is an inherent one and the source of the error may come from the 
measurement system. However, I cannot make this conclusion base on this initial 
experiment; a more detailed investigation will be required. In the residuals versus 
the fitted value plots, the residuals are randomly scattered about zero for both the 
part load then the full load. In the frequency versus the residual at full load the 
errors are equally distributed at either sides of the histogram showing despite the 
errors in the measurement, the engine still sustain a good stability characteristics 
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skewness. The histogram of the residual at full load indicates variable air flow and 
lack of stability in air consumption at full load 
 
Figure 46: Box plot of air consumption of nice trials at part load 
 
 
Figure 47: Box plot of individual trials of air consumption of nine trials at full load 
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Figure 46 and 47 shows the Boxplot of air consumption at part load and full load 
respectively. From both boxplots it is evident the air consumption is stable at both 
part and full load. The effect of atmospheric pressure on the both curves is 
apparent. The air is determined by the volumetric efficiency of the engine. the 
volumetric efficiency increases with the engine speed and as a result it is more 
stable at full load then at part load. Few outliers exist in the trial 3 of part load and 
trial 1 of full load. The variances are small in both cases showing evidence of 
precision of measurements. 
 
 
Figure 48: Individual value plot of air consumption of nine trials at full load 
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Figure 49: Individual value plot of air consumption of nine trials at full load 
 
Figure 48 and 49 shows the individual value plot of air consumption at part load 
and full load respectively. From both plots it became evident that the air 
consumption is stable at both part and full load. The effect of atmospheric pressure 
on the both curves is apparent. The individual value plots show little variations 
with the data set of each trial showing evidence of consistency of measurement. By 
performing a factor of analysis, the variation can further be reduced. 
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Figure 50: Residual plot of exhaust temperature for nice trials at part load and 3000rpm 
 
 
Figure 51: Residual plot of exhaust temperature for nice trials at full load and 3000rpm 
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Figure 52: Box plot of exhaust temperature for nice trials at full load and 3000rpm 
 
 
Figure 53: Box plot of exhaust temperature for nice trials at full load and 3000rpm 
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Figure 52 and 53 the boxplots show the of exhaust temperature at part load (figure 
52) and full load (figure 53) for several trails.  The measurements at full load 
exhibit a more consistent data with less variation. The part plot exhibit more 
variations and does not seems to follow any particular pattern. 
 
 
Figure 54: Individual value plot of exhaust temperature for nice trials at full load and 3000rpm 
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Figure 55: Individual value plot of exhaust temperature for nice trials at full load and 3000rpm 
 
 
4.2. Repeatability Analysis 
Repeatability is based on performing the 8- point test mode as in table 4 at least 
three times for three days depicting different standard ambient atmospheric 
condition. The calculated standard deviations for all performance parameters at 
part load and full load at two constant speed levels are shown in tables 13 and 14 
The pressure data are transient values measured at every one-half crank angle 
giving a total of 1440 data points for each complete cycle. The Lab View CAS takes 
the average of transient values at every four engine complete cycles. These pressure 
data are taken at specific intervals during the experiment over a period of several 
days. The values are based on operating conditions specified in table 4. The 
statistical analysis is based on the outcome of a total of 12 trials for pressure and 
nine trials for other performance parameters.  To assess the repeatability of the 
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data acquired at different periods of the day and over several days, we start by 
assessing the mean of the measured in-cylinder transient pressures. These are 
calculated by measuring the in- cylinder pressure at each crank angle by the well 
known statistical formula: 
 1 2
1
1 1
......
n
j n
jn n
    

    
       
 (58) 
Every data value taken at each 1
2

crank angle will contribute to the mean and 
changing one of them will change the mean. The same procedure is use for the 
assessment of the performance data, the performance data is measured at every 4 
second interval. 
Similarly, the spread (variability) of the data values are also calculated by using the 
variance from which the standard deviations  are computed: 
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2
2 22
1
1
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..........
1 1
n
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       
  

   
 (59)
 
 
The relative standard deviation (RSD) however, gives a more vivid picture of the 
deviations in the measurement and maybe more convenient to use. It is expressed 
in percent terms and is computed but finding the product of the SD and 100 and 
hence dividing this product by the mean. 
100
RSE



         
  (60)
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The calculated mean values and the standard deviation (in bracket) with the RSD 
for 50% and 100% loads at 3000 rpm are shown in table 13. 
 
Parameter  Load (50%) Load (100%) 
Mean (SD) RSD (%) Mean (SD) RSD (%) 
Pmax[bar] 76.33(0.57) 1.49 77.31(1.16) 3.0 
Pme[bar] 6.51(0.07) 2.15 7.49(0.1) 2.6 
BSFC[g/KWh] 279.39(6.76) 4.84 285.45(6.10) 4.2 
Air consumption[g/s] 13.23(0.37) 5.6 13.06(0.37) 5.6 
Exhaust temp [⁰C] 361.09(9.77) 5.4 619.54(54.79) 17.6 
Torque  12.87(0.44) 6.8 25,20(0.28) 2.2 
Power[KW] 4.04(0.13) 6.4 7.92(0.08) 2.0 
Speed[RPM] 2999.18(0.07) 0.004 2999.18(0.07) 0.004 
NOx[ppm 385.94(1.03) 0.6 340.58(0.84) 0.6 
CO[ppm] 141.59(0.44) 0.6 2000(0.00) 0 
CO2[%] 2.42(0.004) 0.4 4.75(0.01) 0.4 
O2[%] 17.68(0.01) 0.12 14.25(0.02) 0.2 
HC[ppm] 32.14(0.01) 0.06 28.71(1.00) 7.0 
 
Table 13: Mean and standard deviation (in bracket) of part and full loads at 3000rpm  
 
Table 13 report the best estimate (mean) of the measured values and the variations 
(standard deviation) at part load and full load. The RSD have also been calculated 
based on p- value of 0.05 or at a significant level of 0.95. From the RSD it can be 
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seen that all the measurement are within the permissible standard deviations 
stipulated in table 4 of ISO 15550:2002(E) with the exception of the BSFC. The 
permissible standard deviation according to this ISO requirement is ±25ºC for 
exhaust temperature and ±3% for BSFC (15550, 2002). 
 
 
 
Table 14: Mean and standard deviation (in bracket) of part and full loads at 2250rpm for 12 trials  
 
Parameter  Load (50%) Load (100%) 
Mean (SD) RSD (%) Mean (SD) RSD (%) 
Pmax[bar] 77.08(0.41) 
0,53 
81.58(0.68) 
0,83 
Pme[bar] 6.71(0.11) 
1,64 
6.87(0.73) 
10,63 
BSFC[g/Kwh] 401.46(7.42) 
1,85 
232.38(54.28) 
23,36 
Air consumption[g/s] 10.03 (0.3) 
2,99 
10.19 (0.32) 
3,14 
Exhaust temp [⁰C] 540(6.32) 
1,17 
377(15.18) 
4,03 
Torque  28.28(0.37) 
1,31 
17.56(1.02) 
0,06 
Power[KW] 6.67(0.09) 
1,35 
4.14(0.24) 
5,80 
Speed[RPM] 37.52(0.03) 
0,08 
37.52(0.03) 
0,08 
NOx[ppm 784.78(5.8) 
0,74 
294.21(20.06) 
6,82 
CO[ppm] 161.83(0.68) 
0,42 
2000(0.00) 
0,00 
CO2[%] 4.54(0.05) 
1,10 
4.05(0.03) 
0,74 
O2[%] 14.73(0.07) 
0,48 
14.99(0.08) 
0,53 
HC[ppm] 29.23(0.09) 
0,31 
29.5(0.1) 
0,34 
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Table 14 report the best estimate (mean) of the measured values and the variations 
(standard deviation) at part load and full load at 2250 rpm. The RSD have also been 
calculated based on p- value of 0.05 or at a significant level of 0.95. From the RSD it 
can be seen that all the measurement are within the permissible standard 
deviations stipulated in table 4 of ISO 15550:2002(E) with the exception of the 
brake power and BSFC at 100% load which were calculated to be 5.8% and 23.36% 
respectively. The permissible standard deviation according to this ISO requirement 
is ±3% for both brake power and BSFC (15550, 2002). 
 
Parameter  Mean standard 
deviation 
Maximum 
standard deviation 
Pmax[bar] 0.79 1.16 
Pime[bar] 0.37 0.73 
BSFC[g/KWh] 30.19 54.28 
Air consumption[g/s] 0.34 0.37 
Exhaust temp [⁰C] 30.56 54.79 
Torque [Nm] 0.65 1.02 
Power[KW] 0.16 0.24 
Speed[RPM] 0.05 0.07 
NOx[ppm] 12.13 20.06 
CO[ppm] 1.045 2.09 
CO2[%] 0.035 0.05 
O2[%] 0.045 0.08 
HC[ppm] 0.53 1.0 
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Table 15: Total mean and standard deviations 
 
Table 15 summarizes the mean deviations in all the measurements. It can be 
observed that the mean standard deviation in the measurements ranges from 0.05 
rpm for speed to a maximum of 30.54ºC representing deviations in the exhaust 
measurement. The maximum standard deviations ranges from a minimum of 0.05% 
representing deviations in the CO2 emission to a maximum of 54.79 ºC representing 
exhaust emission. It is worth noting that both the mean and maximum standard 
deviations of the BSFC are very high, exhibiting a mean SD of 30.19 g/KWh and a 
maximum of 54.28 g/KWh. 
 
4.3. Uncertainty Analysis 
The uncertainty of measurement tells us about the quality of the measured data. 
The estimated uncertainties of the means are calculated from the equations: 
u
n

             (61) 
Where n is the number of measurements in the set and  is the estimated standard 
deviation. The reported expanded uncertainty is based on a standard uncertainty 
multiplied by a coverage factor k = 2, providing a level of confidence of 
approximately 95%.  
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Parameter  Estimated 
uncertainty 
at part load 
Estimated 
uncertainty 
at full load 
No. of 
measurements 
Pmax[bar] 0,33 0,67 12 
Pme[bar] 
0,001 0,002 
1440 x12 
=17280 
BSFC[g/KWh] 1.0 0.9  
 
 
21x9=189 
Air consumption[g/KWh] 0,05 0,05 
Exhaust temp [⁰C] 1,4 7,97 
Torque  0,06 0,04 
Power[KW] 0,018 0,01 
Speed[RPM] 0,01 0,01 
NOx[ppm 0,36 0,3  
 
33 
CO[ppm] 0,15 0 
CO2[%] 0,001 0,004 
O2[%] 0,004 0,01 
HC[ppm] 0,004 0,01 
 
Table 16: Measurement uncertainties at constant speed of 3000rpm  
 
Table 16 shows the uncertainties in the measured parameters at a constant speed of 
3000 rpm both at part load and full load. All the uncertainties have been calculated 
to 95% confidence level. We can therefore say that we are 95% that the reported 
measurement values are accurate within the deviations shown in table 16. From the 
table, the level of uncertainties seems to be generally low with the exception of 
exhaust temperature measurement at full load. The measurement of CO seems not 
to exhibit any uncertainty at full load which practically seems unrealistic. 
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Parameter  Estimated 
uncertainty 
at part load 
Estimated 
uncertainty 
at full load 
No. of 
measurements 
Pmax[bar] 0.24 0.4 12 
Pme[bar] 0.002 0.01 1440 x12 
=17280 
BSFC[g/KWh] 1.08 7.9  
 
 
21x9=189 
Air consumption[g/KWh] 0.04 0.04 
Exhaust temp [⁰C] 0.92 2.2 
Torque  0.06 0.14 
Power[KW] 0.014 0.04 
Speed[RPM] 0.004 0.004 
NOx[ppm 2.02 7.0  
 
33 
CO[ppm] 0.24 0 
CO2[%] 0.02 0.01 
O2[%] 0.02 0.02 
HC[ppm] 0.04 0.04 
 
Table 17: Measurement uncertainties at constant speed of 2250rpm for several trials 
 
Table 17 shows the uncertainties in the measured parameters at a constant speed of 
2250 rpm both at part load and full load. All the uncertainties have been calculated 
to 95% confidence level. We can therefore say that we are 95% that the reported 
measurement values are accurate within the deviations shown in table 17. From the 
table, the level of uncertainties seems to be generally low with the exception of 
BSFC and NOx measurement at full load. The measurement of CO seems not to 
exhibit any uncertainty at full load which practically seems NOT realistic. 
 
 
 
Prediction of DI-CI Engine Performance and Emission Characteristics of Varying Renewable Diesel Fuels with 
Experimental Results from Marine Diesel fuel 
Master’s thesis 
Lamin Jawara 
 
Norwegian University of Science and Technology | Chapter Five: Experimental result 99 
 
4.4. Assumptions made in the ANOVA 
Some assumptions have been taken in carrying out the analysis of variance.  Some 
of which are inherent with ANOVA.  
 The dependent variables such as CA interval in pressure measurement and 
time interval in other performance measurement parameters are considered 
to be measured at equal intervals and normally distributed. 
 The variances are considered to be homogenous. 
 Random and systematic errors in the measurement instruments have not 
been considered. 
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Chapter Five: Experimental result 
 
5.1. Effects of Atmospheric Pressure 
The variation in the atmospheric pressure on different days is evident in table 18. 
The effect of this on the performance characteristic of the engine is clearly 
demonstrated in the Boxplots and individual value plots shown for each 
performance analysis. By performing a factor of analysis (FOA) on the sets of trial 
data, the effect of atmospheric pressure on the performance measurements can be 
studied in detail. By recording the atmospheric pressure which varies on different 
days, the nine trial data can be reduced to three data sets representing three days 
of trials as shown in figure 18. 
 
Trials Mean Atmospheric 
pressure 
1-3 1.01227 
4-6 0.99089 
7-9 0.99731 
 
Table 18: Mean atmospheric pressure data 
 
Figure 32 and 33 shows characteristic of brake torque as a function of atmospheric 
pressure. The relationship between change in atmosphere pressure and the change 
in brake torque seems to follow an exponential function at part load and a linear 
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function at full load. This assertion is validated by the square of the Pearson 
product moment correlation coefficients which is a dimensionless index that ranges 
from -1.0 to 1.0 inclusive and reflects the extent of a linear relationship between two 
data sets. These indices are calculated to be unity for exponential function in part 
load and linear function in full load.  
 
 
Figure 56: Brake torque as a function of atmospheric pressure 
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Figure 57: Brake torque as a function of atmospheric pressure 
 
A percentage increase of 0.64% in atmospheric pressure has resulted to a 
percentage increase of 2.34% in torque at part load and 0.66% at full load. A further 
increase of 0.99731 to 1.01227 bar in atmospheric pressure has revealed a 
staggering increase of 0.45 Nm of torque at full load and 0.32 Nm of torque at part 
load.   Measurement of maximum torque shows an increment of 0.66% in torque 
with a 0.64% increment in atmospheric pressure and a 1.48% increase in 
atmospheric pressure resulting to a 1.76% increase in torque. 
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5.2. Analysis of cylinder pressure derivative 
The cylinder pressure derivative is an important component of combustion and rate 
of heat released analysis. The time required for combustion can be accurately 
calculated from the cylinder pressure derivative by measuring the instant of sudden 
increase in pressure gradient and the point of drop and then dividing by the angular 
velocity of the engine.   
 
Figure 58: Pressure derivation as a function of crank angle 
 
Figure 58 shows a cylinder pressure derivative developed from the experimental 
pressure data obtained during the experiment. 
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5.3. Rate of heat release 
The analysis and understanding of heat release in the cylinder during the 
combustion process is central to accurate characterization of the engine. The 
apparent heat release rate and the combustion reaction are the most useful 
information derived from the cylinder pressure measurement. The apparent heat 
release rate is computed by modeling the amount of fuel energy release during 
combustion necessary to produce variations observed during experiments. The 
reliability of the rate of heat release (ROHR) analysis results is generally dependent 
on the accuracy of the engine in-cylinder measurement trace measured by 
piezoelectric transducer conditioned by a charge amplifier. (Andre Valente Bueno et 
al, 2009). The ROHR is further affected by the accuracy of the cylinder pressure 
derivative. The pressure derivative is calculated by numerical differentiation of the 
measured dynamic cylinder pressure trace.  
 
Figure 59: Heat release rate as a function of crank angle showing the different phases of 
combustion (source: (Patro, 1993)) 
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Figure 59 shows an experimental heat release curve of a direct injection diesel 
engine showing the different stages of combustion. (Heywood, 1998) explains the 
various stages  of   this process identified by identifying the phases on  a typical 
heat release  rate  diagram  for  a  DI  diesel engine as shown in figure 59. The heat 
release rate on the figure expresses the sum of the change of sensible internal 
energy of the cylinder gases and the work done on the piston.   
 
 
 
Figure 60: Rate of heat release as a function of crank angle at part load and 1200 rpm 
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Figure 61: Rate of heat release as a function of crank angle at part load and 1700 rpm 
 
 
Figure 62: Rate of heat release as a function of crank angle at part load and 3400 rpm 
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Figures 60-62 show the heat release rate as a function of crank angle at part load 
near the combustion region at 1200 rpm, 1700 rpm and 3400 rpm respectively.  
Premixed or rapid combustion phase of 4 degree angle (CA) can be observed from 
figure 60, while figure 61 and 62 showed premixed phases of 5 degree CA and 7 
degree CA respectively.   
 
 
Figure 63: Heat release rate curve as a function of crank angle at 1200 rpm with maximum load 
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Figure 64: Heat release rate curve as a function of crank angle at 1700 rpm with maximum load 
 
 
Figure 65: Heat release rate curve as a function of crank angle at 3400 rpm with maximum load 
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From figure 59, the fuel injection is followed by an ignition delay period before the 
start of combustion. The rapid or premixed combustion phase occurs within few CA 
intervals and this can be visualized in the HRR diagrams as ranging between 5 to 
7.5 CA degrees. This flame propagation in this phase has been characterized by 
some researchers as being nearly non- luminous flame (Patro, 1993). It is also 
characterized by a very high ROHR. The premised combustion phase is followed by 
a mixed controlled phase which is largely characterized by a low combustible 
mixture and the HRR in this phase is dependent on the availability of residual 
combustibles fuel/air (F/A) mixture. At low load (figure 63) this phase is almost non-
existence but is quite visible in figures 61-65. During this phase the flame is 
luminous and diffusive (Patro, 1993) 
The final phase in the combustion process is the late combustion phase where the 
HRR propagation continues at a much lower rate and can be extended right into the 
expansion stroke. The flame propagation in this phase is essentially sustained by 
the unburned mass fraction of the fuel and energy release from soot and unburned 
carbons. 
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5.4. Effect on Power and Torque 
 
 
Figure 66: Characteristics of torque at various load points with varying speeds 
 
The characteristic of torque at various load points is shown in figure 66. It is 
observed that as the load increases, the torque increases. This relationship is close 
to being linear for low speed of 1200 rpm. Since the load is a function of speed and 
torque, by keeping the speed constant a linear relationship is expected.  The torque 
is a measure of the engine‘s ability to do work  
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Figure 67: Characteristics of power at various load points with varying speeds 
 
The variation of brake power output and load for different for three speed levels of 
1200, 1700 and 3400 rpm is depicted in Figure 67. It is observed that for all speed 
levels the brake power increases as the engine load increases. The brake power 
increase as the engine speed increased. This is anticipated as the power is 
proportional to the angular speed of the engine. 
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5.5. Effect on Brake Specific Fuel Consumption 
 
 
Figure 68: Characteristics of BSFC at various load points with varying speeds 
 
 
Figure 69: Characteristics of fuel conversion efficiency at various load points 
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Figure 69 shows the fuel conversion efficiency as a function of load and speed. The 
fuel conversion efficiency is a useful criterion for understanding the engine‘s 
operating condition. The fuel conversion efficiency depends on the specific fuel 
consumption and the lower heating value (LHV) of the fuel. Since the LHV is 
constant for most hydrocarbon fuels, thus the fuel conversion efficiency is inversely 
proportional to the specific fuel consumption. With the presence of sufficient oxygen, 
hydrocarbon fuels can be completely oxidized. This is usually referred to as the 
stoichiometric fuel/air or air/fuel ratios which depend largely on the composition of 
the fuel. At high engine speed of 3400 rpm, the fuel conversion efficiency increases 
with engine load. At medium speed of 1700 rpm, the increase in load results in 
increase in fuel conversion efficiency at low and part load conditions. But as the 
load increases from 50 to 75% the fuel conversion efficiency increases rapidly to a 
maximum of 0.59. This point can be regarded as the optimum utilization of the 
combustion energy where much of the fuel is oxidized. Fuel conversion efficiency is 
largely affected by compression ratio and air equivalent ratio. The effect of other 
variables has little effect and can sometimes be even negligible.  
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Figure 70: Experimental brake fuel conversion efficiency as a function of fuel/air equivalent ratio 
 
The air equivalent ratio has everything to do with the ID vis-à-vis specific fuel 
consumption and the mass of air used.  Decrease of air equivalent ratio below the 
stoichiometric air/fuel equivalent ratio results to an increase in efficiency. This 
occurs because the temperature of the burnt gases decreases after combustion 
resulting to a reduction in the specific heat of the burnt gases. As a result, the 
effective value of the ratio of the specific heats is increased over the expansion 
stroke. The efficiency increase is as a result of the expansion of the burn gases 
through a larger temperature ratio for a given volume expansion ratio prior to the 
expansion phase. Therefore the expansion stroke work is increased per mass 
fraction of fuel burnt. 
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Figure 71: Characteristics of air consumption at various loads with varying speeds 
 
 
Figure 72: Characteristic of injection duration at various load points  
 
Figure 72 gives the fuel ID as a function of load. Increases in ID result in an 
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ID are required for significant increment in load. But from 50 to 100% loads, 
significant amount of ID change ranging from 0.42 to 0.71 ms at low speed and 0.37 
to 0.65 ms at mid speed range resulting to 41% and 43% respectively are required to 
attain full load conditions. However, at high engine speeds, only minimal change of 
19% in ID results to an engine load change from 10% to 75% load while a 30% 
increment in ID is required to attain the final 25% load. At a maximum speed of 
3400 rpm the change in ID required to change the engine load from 10% to 50% was 
only 12%.  
The reason for this seemingly abnormal operating condition is because for the 
engine to produce sufficient power to attain the required torque, sufficient air must 
be available inside the cylinder for combustion. Since the experimental engine is a 
naturally aspirated engine enough air is not available at high load and therefore the 
engine depends mostly on the conversion of the chemical energy in the fuel to attain 
the required power. As a result the ID must be increased proportionately to increase 
fuel injection higher at high load conditions in order to attain the required toque at 
high load. This phenomenon can be easily understood if we link figure 72 to the air/ 
fuel ratio diagram as a function of engine load in figure 73. 
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Figure 73: Air/ Fuel ration as a function of engine load 
 
 
Figure 74: Torque as a function of injection duration with varying speeds 
 
The variation of brake torque as a function of ID for three speed levels of 1200, 1700 
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brake toque increases as the ID increases. The brake power increase as the engine 
speed increase. This is anticipated as the power is proportional to the angular speed 
of the engine. 
 
 
Figure 75: Characteristics of exhaust temperature at various load points with varying speeds 
 
Figure 75 shows exhaust temperature as a function of load for the three constant 
speed levels used in the experiment. It can be observed that the exhaust 
temperature increases as the load increases for all the three speed levels. This is 
expected because as the load increases more fuel is burnt and as a result more heat 
is released during the combustion. It can further be observed from the curves that 
the exhaust temperature increases as the engine speed increases. This is because 
the torque is inversely proportional to the angular velocity of the engine. Therefore 
the torque developed decreases as the engine speed is increased. As a result more 
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fuel is burnt at higher engine speed to develop higher torque. Consequently the 
ROHR increases producing higher exhaust temperatures. 
 
5.6. Exhaust emission 
 
Figure 76: Oxides of nitrogen emission at different injection timing 
 
Figure 76 shows a variation of NOx emission as a function of injection timing. The 
results show that as injection timing increases NOx emission increases. This is 
because NOx emission depends on the temperature and pressures in the cylinder. 
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Figure 77: NOx emission at different mode points 
 
Figure 77 shows NOx emission as a function of engine load. The graphical 
presentation shows that the variation in NOx emission at high load seems to be very 
small. Rapid increases in NOx emission occur during part and low load regions. 
 
Figure 78: Hydrocarbon emission at different mode point 
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Figure 78 shows HC emission as a function of engine load. From the graphical 
presentation it can be shown that HC decreases as the load increases. For 
combustion to be efficient, proper atomization, mixing and ignition of the fuel is a 
prerequisite. Atomization and mixing of fuel however, largely depend on the 
physical properties of the fuel. Fuel viscosity and surface tension affects the 
penetration rate, maximum penetration and droplet size which in turn affects the 
mixing of fuel and air (Sakumar Puhan et al, 2004). Diesel engines are more 
efficient at high loads which are characterized by lean combustion. As a result less 
HC are produces as the load increases.  
 
 
Figure 79: Carbon dioxide emission at different mode points 
 
Figure 79 shows CO2 emission as a function of engine load. The figure shows that 
CO2 emission increases as the load increases. CO2 emission from a CI engine is an 
indication of how efficiently the fuel is burnt inside the cylinder. 
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Figure 80: Carbon monoxide emission at different mode points 
 
 
 
Figure 81: Distribution of diesel particle number and mass distribution as a function of diameter (Source: Marintek-Sintef) 
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Figure 81 shows an idealized diesel PM number and mass distributions measured 
by Marintek-Sintef using the MDO. It can be seen that a greater number of the 
particles are ultrafine or nanoparticles (Dp<100 nm) reside in the nucleation mode 
which ranges from 5 to 50 nm.  This is where most of the carbonaceous 
agglomerates and associated adsorbed materials are deposited. The bulk of the 
heavier particles are concentrated in the accumulation mode which is characterized 
by particle sizes ranging from 50 to 150 nm. This mode usually consists of volatile 
organic and sulfur compounds that form during exhaust dilution and cooling, and 
may also contain solid carbon and metal compounds (David B. Kittelson, 1999) 
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Part Two 
Chapter six: Empirical Correlations 
 
6.1. Introduction 
Hydrocarbon diesel fuel is used as test fuel in the initial test using an eight mode 
test points shown in table 4. The original plan of the experiment is to conduct 
similar tests on a series of renewable fuels using the same test matrix. It is 
expected that since the test matrix is used, variations in the engine behavior will be 
as a result of physical and chemical properties of the experimental fuels. Since the 
condition of the engine did not allow for testing of the renewable diesel fuel within 
the limited time permissible for the completion of the master‘s thesis, I had little 
choice but to use the experimental results of the PRF to determine empirically the 
performance and emission characteristic of renewable fuels.  
 
 
6.2. Description of research fuels 
In this study rape seed methyl ester was used as biodiesel and a marine diesel fuel 
with no oxygenated additive was used as the primary reference fuel (PRF). The 
renewable fuel and its blends were obtained from STATOIL and the PRF was 
obtained from the marine systems laboratory of department of Marine Technology 
also supplied by STATOIL. The lower heating value of LGO-10 was calculated 
Prediction of DI-CI Engine Performance and Emission Characteristics of Varying Renewable Diesel Fuels with 
Experimental Results from Marine Diesel fuel 
Master’s thesis 
Lamin Jawara 
 
Norwegian University of Science and Technology | Chapter six: Empirical Correlations 125 
 
according to ASTM D-4868/90 based on density, sulfur and water contents. The 
properties of the research fuels are shown in table 19. 
 
Table 19: Properties of test fuels 
Fuel Units Marine 
diesel fuel 
LGO+ 10% 
Rapeseed 
Rape seed 
methyl ester* 
Density Kg/m3 820-860 844 883.7 
Cetane number (CN) - 47 57.9 54.7 
CN improvement - - 5.8 - 
Cloud point ᵒC 0 -5  
Lower heating value MJ/kg 42.6 42.84 39.0 
Nitrogen ppm - 0.7  
Sulphur ppm 500 9.9 5 
 
*Source: (Sathaporn Chuepeng et al, 2010) 
From table 19, the main differences between MDO, LGO-10 and RME are 
 An increase in Cetane number by 23.2% for LGO-10 and 16.4% for RME,  
 An increase in density by 0.5% for LGO-10 and 5.2% for RME 
 An increase in LHV of 0.6% LGO-10 and a reduction of 8.5% for RME. 
 A large reduction in sulfur content of 4950% for LGO-10 and 5000% for RME. 
 
 
6.3. Empirical Correlations 
When comparing two or more different test fuels on an engine test bench, 
equivalent performance requires attaining the same load conditions. Irrespective of 
the fuel used, the same torque and speed must be measured. Since the physical and 
chemical properties of the test fuels are different, it can be anticipated that the fuel 
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consumption, combustion characteristics, ignition delay and characteristics of the 
combustion gases will be different. The performance of the engine and exhaust 
emission are affected by properties of the fuel as the lower heating value (LHV), 
CN, density, isothermal compressibility and viscosity of the fuel. The kinematic 
viscosity has an effect on the injection line pressure and fiction of the moving parts 
in the fuel pump and the injector. (Koji Yamane et al, 2001) Carried out an 
experiment using a single cylinder direct inject engine fitted with a high-pressure 
injection system named KD-3, fitted with an automatic injector that allows the 
injection timing to be independent of the engine speed. They reported that the effect 
of kinematic viscosity on injection pressure and timing for diesel fuel and biodiesel 
was slight at 353K but significantly different at lower temperatures of 293k and 
313k with the injection pressure of biodiesel rising earlier than diesel fuel. This has 
been attributed to the fact that at lower liquid pressures the bulk modulus of 
biodiesel is higher than diesel fuel. Therefore the rate of pressure rise accelerates 
and the injection timing is advanced. The ignition delay has an influence on the 
temperature and pressure inside the cylinder and therefore influences the 
formation of certain combustion gases. Figure 77 showed this effect on NOx 
formation.  
Biodiesel has heating value approximately 9% and 14% less than conventional 
diesel fuel (Magin Lapuerta et al, 2008), and (Magin Lapuerta et al, 2008). 
Therefore if the engine efficiency remains the same, then we should expect higher 
fuel consumption proportionately to compensate for the lost in heating value by 
mass. Many researchers have reported that there is no significant difference at 
which the engine converts the chemical energy of the fuel to mechanical energy, be 
it diesel fuel or biodiesel (Canakci, 2005), (Magin Lapuerta et al, 2008), (Michael S. 
Graboski et al, 1999). The brake specific fuel consumption (BSFC) is defined by 
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equation 25. It is inversely proportional to the fuel conversion efficiency. If the LHV 
of the fuel is constant, the BSFC varies inversely as the fuel conversion efficiency. 
Base on the review of 217 fuel consumption observations, the following correlations 
has been developed (EPA, 2002) 
0.0008189.%B
B DBSFC BSFC e          (62) 
 
The BSFC of the marine diesel fuel (MDO) and the different blends of biodiesel can 
be related to volume through its density. However, we are more interested in the 
energy per volume which can be related through the following equation. 
 
3 3.LHV
Energy KgMJ MJh
Volume Kgm m
     
               
 (63) 
 
Since common rail pressure is kept at a constant pressure of 1200 bar, the mass 
flow rate is also expected to be the same during experiments on the different fuels.  
 
fD fBm m            (64) 
 
Therefore for the purpose of comparison a more realistic method will be comparing 
the brake specific energy consumption (BSEC). The BSEC is a product of the BSFC 
and the LHV of the fuel as shown in the equations below: 
 
. LHV
kgMJ MJBSEC BSFC h
KWh KWh Kg
     
             
 (65) 
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From the experimental results of fuel consumption on the MDO, the BSEC of 
biodiesel (BSECB) can be related to the BSEC of diesel fuel through the following 
equation. 
 
.
BB B LHV
BSEC BSFC h
        
 (66) 
 
By using equation 66, the BSECB can be shown to relate to the LHV of the fuel, the 
BSFC of the MDO and the percentage by volume of the biodiesel content in the 
blend (%B). 
 
0.0008189% .
B
B
B D LHVBSEC BSFC e h        
 (67) 
 
The brake power of the engine has been measured experimentally using the MDO. 
Brake power is related to the BSFC through the following equation: 
f
D
D
m
P
BSFC
            (68) 
 
In the same way, brake power of the engine using biodiesel fuel can be predicted by 
the following equation: 
f
B
B
m
P
BSFC
            (69) 
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From equation 69, it be seen that the mass flow rate during the experiment will 
remain the same irrespective of the fuel used. Therefore the brake power of the 
engine using biodiesel can be expected to be influenced by only the BSFC. The brake 
power developed by the engine using biodiesel can therefore be predicted by the 
following equations: 
 
. DB D
B
BSFC
P P
BSFC
           (70) 
 
0.0008189%B
B DP P e

         
 (71) 
 
The brake fuel conversion efficiency (BFCE) is the ratio of the brake power to the 
fuel energy introduced into the combustions chamber otherwise referred to as Brake 
Specific Energy Consumption (BSEC). The BSEC is the product of the BSFC and 
the LHV of the fuel. It is acceptable to use brake power to determine the BSCE in 
experimental engine studies (Magin Lapuerta et al, 2008). The efficiency obtained 
can therefore be conveniently referred to as the brake specific efficiency. The BFCE 
using hydrocarbon diesel fuel is given in equation 25. Similarly, the BFCE for any 
renewable fuel and its blends can be represented by equation 72, provided a 
correction factor is applied to the LHV of the blends. 
1
.
B
B
B LHVBSFC h
            (72) 
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Using similar arguments as in the prediction of the BSEC of biodiesel, the BFCE of 
biodiesel can be represented by equation 73. 
0.0008189%
1
. .
B
B B
D LHVBSFC e h
          (73) 
 
The correlations for the prediction of the exhaust gas emission are based on 
empirical formulas developed by EPA. In their analysis to investigate the effect of 
biodiesel on NOx, PM, CO and HC, (EPA, 2002) developed a basic correlation 
between biodiesel concentration in hydrocarbon diesel fuel and percentage change 
in emission: 
 
 % change in emissions = e(a*vol%biodiesel)*100%         (74) 
 
Where ‗a‘ is a coefficient for each of the four exhaust emission gases. These 
coefficients are shown in table 20 and were found to be statistically significant at p 
= 0.05 level. 
Emission 
gas 
Coefficient 
‗a‘ 
NOx 0.0009794 
PM -0.006384 
HC -0.011195 
CO -0.006561 
 
Table 20: Coefficients for basic emission correlations (Source: (EPA, 2002)) 
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Although several researchers have reported increases in NOx emission (Canakci, 
2005) and (Mohon, 2011), many others have showed varied results. These results 
varied from no changes to NOx emission in comparison to hydrocarbon diesel to 
slight decreases. This can generally be attributed to the type of engines used, the 
test modes adopted, the properties and source of the biodiesel and several other 
factors. These factors made the development of an accurate correlation of NOx 
emission between biodiesel and hydrocarbon diesel particular challenging. However, 
the correlation adopted by EPA (equation 75) has been found to be accurate at a 
significant level of 0.95. In reviewing observations on which the NOX correlation 
were based on, it was noted that 75% of the observations are soy-based and 13% 
RME with an average CN of 49.  
 
0.0009794%
B D
B
x xNO NO e          (75) 
 
Most researchers have found a reduction in HC emission as compared t hydrocarbon 
diesel fuel. The correlation shown in equation 76 has been found by some authors to 
result to as much as 70% mean reduction in HC emission as compared to emissions 
from hydrocarbon diesel fuel (Magin Lapuerta et al, 2008). 
0.011195%B
B DHC HC e
          (76) 
 
However, some researchers found no significant changes in HC emission from 
biodiesel as compared to hydrocarbon diesel (Slavinska, 2006). However, equation 
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76 seems to give a more generally realistic result and has been found to be accurate 
with a significant level of 0.95. Based on the arguments stated above the correlation 
of both CO and CO can be shown by equations 77 and 78 respectively. 
006561%B
B DCO CO e

          
(77)
 
 
0.0000177%
2 2
B
B DCO CO e          
(78) 
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Chapter Six: Results and Discussion 
 
6.1. Brake fuel conversion efficiency 
 
 
Figure 82: Actual and estimated Brake fuel conversion efficiency with various renewable fuels and 
its blends 
 
 
0
0,05
0,1
0,15
0,2
0,25
0,3
0,35
0 20 40 60 80 100 120
Fu
e
l c
o
n
ve
rs
io
n
 e
ff
ic
ie
n
cy
Load (%)
Diesel
B10
B20
B40
B1001200 rpm
Prediction of DI-CI Engine Performance and Emission Characteristics of Varying Renewable Diesel Fuels with 
Experimental Results from Marine Diesel fuel 
Master’s thesis 
Lamin Jawara 
 
Norwegian University of Science and Technology | Chapter Six: Results and Discussion 134 
 
 
Figure 83: Actual and estimated Brake fuel conversion efficiency with various renewable fuels and 
its blends 
 
 
Figure 84: Actual and predicted Brake fuel conversion efficiency with various renewable fuels and 
its blends 
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Figures 83-84 depict the relationship between the fuel conversion efficiency and 
torque for three different speed levels. From the graphical presentations it can be 
observed that there are no significant changes in BFCE between the MDO and 
various blends of biodiesel. However, some increase can be observed in mean BFCE 
reported in table 21. The mean BFCE measured for the MDO during the 
experiment was 29.87% and the predicted mean values for B20 and B40 are 29.89% 
and 29.92% respectively. Similar results have been documented by some 
researchers. (Sakumar Puhan et al, 2004) reported measuring BFCE of 26.36% for 
hydrocarbon diesel fuel as compared to 26.42% for ethyle ester from mahua oil. 
(Rizalman Mamat et al, 2009) have measured Engine efficiency with Rape seed ME 
and ultra low sulfur diesel (ULSD) and they report that the engine efficiency of 
biodiesel to be 1.2%- 2% lower than ULSD. However, most authors, already cited in 
chapter five, have agreed that there are no significant change in the BFCE between 
hydrocarbon carbon diesel fuel and biodiesel with its blends. 
 
fuel 
type 
BSFC 
(g/KWh) 
%change 
in BSFC 
BFCE % 
change 
in BFCE 
BSEC 
(KJ/KWh) 
% 
change 
in BSEC 
Diesel 351,94 - 0,2550 - 14542 - 
LGO-
10 381,97 
0,82 0,2515 -1,37 14745 1,39 
B20 357,75 1,65 0,2552 0,07 14194 -1,16 
B40 363,66 3,33 0,2554 0,16 15061 -2,34 
B100 354,83 8.53 0.2566 0.64 14897 -0.64 
 
Table 21: Mean values and % change in BSFC, BSEC and BFCE 
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Referring to table 21, it can be observed that the predicted mean BFCE for LGO-10 
is 1.37% less than that of MDO. The main reason for this is because of differences 
between the base fuel of the LGO-10 and the MDO. The increase in BFCE of LGO-
10 over the MDO can be attributed to a slight higher LHV of the LGO-10 than the 
latter. For the rest of the renewable fuels, the predicted results showed no 
significant difference in the BFCE. 
 
 
 
6.2. Effect on brake specific fuel consumption 
 
 
Figure 85: Brake specific fuel consumption of diesel fuel and predicted values for biodiesel and its 
blends 
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Figure 86: Brake specific fuel consumption of diesel fuel and predicted values for biodiesel and its 
blends 
 
 
Figure 87: Brake specific fuel consumption of diesel fuel and predicted values for biodiesel and its 
blends 
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Figure 85-87 compare brake specific fuel consumption (BSFC) of MDO, LGO-10 and 
blends of various proportions by volume of rapeseed ME. The BSFC has been found 
to generally decrease sharply for all fuels at higher loads. This phenomenon is even 
more pronounced at medium and high speed conditions.  This is understandable 
since there is relatively less proportion of heat loss around the cylinder walls at 
higher loads than lower loads. Therefore proportionately, less fuel is needed to 
attain a certain brake power at higher loads than at lower loads. This is also an 
indication that compression ignition engines run more efficiently at higher loads 
than at lower loads. At 1700 rpm the BSFC for diesel fuel decreases from 335 
g/KWh at low load to 252 g/KWh at full load and for LGO-10, the BSFC decreases 
from 338 g/KWh at low load to 254 g/KWh at full load condition.  
The BSFC is observed to increase as the proportion of the biodiesel fuel in the blend 
increases. The average BSFC of 351.94 g/KWh has been measured for the MDO 
during the experiment. The predicted mean BSFC of LGO-10 is 381.97 g/KWh 
representing an average increase of 0.82%. The predicted mean BSFC for B20, B40 
and B100 was 1.65%, 3.33% and 8.53% respectively. The increase in the BSFC is 
anticipated as the contribution of biodiesel in the blends of B20, B40 and the neat 
RME will result to a less LHV of these fuels. As a result more fuel is required to 
develop the same brake power produced by the MDO during the experiment. 
However, since the LGO-10 has a higher LHV, this predicted result may not be 
realistic. 
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Figure 88: Brake specific energy consumption of diesel fuel and predicted values for biodiesel and 
its blends 
 
 
Figure 89: Brake specific energy consumption of diesel fuel and predicted values for biodiesel and 
its blends 
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Figure 90: Brake specific energy consumption of diesel fuel and predicted values of various blends 
of biodiesel  
 
However, given the LHV of the MDO and the biodiesel blends, a more realistic 
comparison will be the brake specific energy consumption (BSEC). Examining the 
percentage changes in BSFC and BSEC of the experimental MDO and the blends of 
biodiesel, the difference in the comparison of the two performance parameter is 
apparent. The predicted BSEC of LGO-10 has increased by 1.39% as against the 
prediction of 0.82% in the BSFC it can be concluded that this contribution is as a 
result of the differences in the LHV of the two fuels and the importance of the 
energy content of the fuel and not necessarily pulse width alone. However, the 
predicted values of BSEC for the blends of biodiesel B20 and B40 have decreased by 
1.16% and 2.34% respectively. This is as a result of the increasing amount of the 
rapeseed methyl ester (RME) present in the blend which exhibit less LHV.  
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6.3. Effect on power and torque 
 
 
Figure 91: Actual and predicted power as a function of torque with various renewable fuels and its 
blends 
 
 
Figure 92: Actual and predicted power as a function of torque with various renewable fuels and its 
blends 
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Figure 93: Actual and predicted power as a function of torque with various renewable fuels blends 
 
Figures 91-93 show the variation of brake power as a function of torque for MDO 
and biodiesel (LGO-10), a blend of 10% by volume of biodiesel and 90% by volume of 
diesel fuel (B20) and a blend of 60% diesel fuel with 40% biodiesel (B40). From the 
three graphical presentations it is observed that the brake power and the predicted 
values increases for all fuels as the brake torque increases.  
 
Fuel 
type 
Max brake 
power at 
max speed 
%change 
in brake 
power 
Max brake 
power at 
mid speed 
%change 
in brake 
power 
Max brake 
power at 
low speed 
%change 
in brake 
power 
Diesel 6,85 - 4,32 - 3,51 - 
LGO-
10 
6,79 -0,88 4,28 -0,93 3,48 -0,85 
B20 6,74 -1,61 4,25 -1,62 3,45 -1,71 
B40 6,63 -3,21 4,18 -3,24 3,4 -3,13 
B100 6,31 -7,86 3,98 -7,86 3,23 -7,86 
 
Figure 94: change in maximum brake power at various speeds 
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At maximum load a reduction in power of 0.85% at low speed and 0.88% at high 
speed has been observed in the graphical presentation between diesel fuel and the 
predicted values of LGO-10. The lost in power at maximum load when using B20 is 
only 1.71% at low speed and 1.61% at high speed. The B100 seems to be affect more 
in terms of power reduction, exhibiting power lost of as high as 7.86% at maximum 
power for all three speed levels. 
 
 
6.1. Exhaust emission characeristics 
 
Figure 95: Actual NOx emission from diesel and predicted emission from blends of biodiesel  
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Figure 96: Actual NOx emission from diesel and predicted emission from biodiesel and its blends at 
3400 rpm 
 
Figures 95 and 96 showed the comparison of actual nitrogen oxide (NOx) emissions 
from MDO and predicted NOx emission from various blends of biodiesel with torque. 
The graphs show that there is an increase in NOx emission as the content of 
biodiesel fuel content in the blend increases. Table 22 shows the mean values of 
measured and predicted emissions. The mean increase between the measured mean 
NOx emission from MDO and the predicted emission from the LGO-10 was 0.98%. 
This is as a result of a higher amount of oxygen content in biodiesel which supports 
a fairly complete combustion thus resulting in high combustion temperature inside 
the cylinder which supports the production of NOx. Thus the formation of NOx is 
supported both by properties of the biodiesel content in the blend and thermal 
processes.  
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fuel 
type 
Mean 
Nox 
% 
change 
Mean 
CO 
% 
change 
Mean 
CO2 
% 
change 
Mean 
HC 
% 
change 
Diesel 414 - 658 - 2,9 - 30,27 - 
LGO-
10 418 0,98 616 -6,35 2,7 -6,35 27,06 -10,59 
B20 422 1,98 577 -12,30 2,6 -12,30 24,20 -20,06 
B40 430 4,00 506 -23,08 2,3 -23,08 19,34 -36,10 
B100 456 10,29 341 -48,11 1,5 -48,11 9,88 -67,36 
          
Table 22: Mean and predicted values of emissions 
 
It is known that NOx emissions are influenced atomization of the injected fuel in the 
cylinder and the adiabatic flame temperature. The spray formation depends on the 
fuel droplet size, its momentum, the degree of mixing with air, the level of 
penetration inside the cylinder, the evaporation rate and the radiant heat transfer 
(Sakumar Puhan et al, 2004). The predicted NOx emissions are higher for the 
blends of the renewable fuels than the MDO. This is because RME has a higher 
density than the MDO and this affects the spray formation, fuel penetration, level 
of mixing with air and the droplet size. Invariably higher combustion temperatures 
are expected which in turn increase the NOx emission. The injection timing is also 
expected to be advanced with the use of the blends resulting to higher combustion 
temperatures. The trend from the graph suggests that NOx emission maybe 
stagnated irrespective of increases in engine load. We can observe sharp increases 
in NOx production from 10% load to 50% load but appears to be relatively constant 
at higher loads.  
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Figure 97: Carbon monoxide emission of marine diesel fuel with predicted values of renewable 
diesel blends 
 
Figure 97 shows the variation of carbon monoxide (CO) emissions as a function of 
load of different fuel combinations at 3400 rpm. The predicted values showed in the 
graphical presentation shows that the CO emission decreases with increasing 
proportion of biodiesel content in the fuel.  At low load the difference between the 
CO emission of the MDO and all the blends are low but significant increase at high 
load. This is can be attributed to the fact that biodiesel contain oxygen atoms which 
help in attaining complete combustion  at high load where combust is most efficient 
and as a result produce less CO emission. 
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Figure 98: Hydrocarbon emission of diesel fuel and predicted values for biodiesel and its blends 
 
 
Figure 99: Hydrocarbon emission of diesel fuel and predicted values for various blends of biodiesel  
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Figure 98 and 99 shows the variation of marine (HC) emission of different fuel 
combinations with brake torque is shown. It is evident from the graphical 
representation that the HC emission is reduced with the increase of biodiesel 
content in the fuel. The mean reduction between the measured mean HC emission 
from MDO and the predicted HC emission from the LGO-10 was 10.59%. As 
explained earlier, HC emission depends on the combustion efficiency and the 
physical properties of the fuel. The presence of oxygen atom contributed by the 
biodiesel may have also led to a complete combustion of the fuel. Biodiesel have a 
high CN than diesel fuel, since the CN has an influence on the ignition delay period, 
HC and CO emissions are also affected by the CN of the fuel. Fuels with higher CN 
seem to exhibit lower HC and CO emissions. From table 19 it can be established 
that the CN for LGO-10 and RME are higher by 23.2% and 16.4% respectively.  
These results are consistent with the results shown by several authors (Canakci, 
2005), (Sakumar Puhan et al, 2004) and (Jai-houng Leu, 2009).  
 
 
Figure 100: actual and prediction values of CO2 emission as a function of load 
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Figure 100 shows CO2 emission from experimental results of MDO and the 
predicted results of RME and its blends. It can be observed that the CO2 emission 
decreases as the amount of biodiesel in the blend increase. This can also be 
attributed to the oxygen atoms present in the biodiesel which supports complete 
combustion and thus less CO2 emission. 
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Chapter Seven: Conclusion  
 
Experimental investigation has been done with the Ricardo hydra research engine 
using MDO to investigate the effect of the fuel on the performance and emission 
characteristic of the engine. Preliminary results have been used to analyze the 
stability of the engine and it measurement systems using ANOVA. The analysis of 
the results showed that the stability of the engine and its measurement system are 
within acceptable limits. The assessment of the RSD of the measured data showed 
that the qualities of most of the measurement are within the permissible deviations 
set by table 4 of ISO 15550:2002(E) within a confidence level of 0.95.  
However, the BSFC, Exhaust temperature and NOx emission at some load points 
are beyond the permissible deviations. The ANOVA results showed that there is a 
good repeatability of measurement with minor deviations due mainly to variations 
in the atmospheric pressure and the presence of few outliers which existence are not 
well defined. This is evident in the analysis of the Boxplots and the individual value 
plots shown in chapter 4. 
 
The correlation between the experimental results of the MDO and the predicted 
results of biodiesel showed that from a technical viewpoint the suitability of 
biodiesel as an alternative fuel for compression ignition engines is not subjected to 
controversy. Its performance and emission characteristics are very much 
comparable with those of the MDO. This has been demonstrated through the 
analysis of the performance and emission data collected during the experiment and 
its correlation with the predicted values. Close comparison of the experimental 
BSFC and the predicted values of the various renewable blends showed a good 
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correlation with a penalty in BSFC of only 0.82% increase when using PGO10. As 
the content of the biodiesel in the renewable fuel increases, the predicted values for 
B20 and B40 further increased by 1.65% and 3.33% respectively. 
 
The increase of biodiesel content in the renewable blend mainly resulted to 
reduction in power. The reason for this was mainly as a result of less LHV of 
biodiesel in the content. Lost in power was however, minimal with only 0.85% at 
low speed and 0.88% at high speed observed in the predicted results of LGO-10 at 
maximum load. The predicted lost in power at maximum load when using B20 is 
only 1.71% at low speed and 1.61% at high speed. However, considering increase in 
LHV of 0.6% for LGO-10 and a reduction of 8.5% for RME. There results therefore 
may not only be attributed to differences in LHV. The lost in power of only 1.71 and 
1.61% as compare to a reduction of almost 8.5% in LHV of the RME can be 
attributed to the synergistic effect of the combination of the two blends. Example 
the contribution of oxygen atoms from the RME for a more efficient combustion and 
a contribution of a LHV of the diesel fuel in the blend. The B100 seems to be affect 
more in terms of power reduction, exhibiting power lost of as high as 7.86% at 
maximum power for all three speed levels. When compared with differences in 
LHVs of the two fuels, it seems likely that there is no significant difference between 
the MDO and the RME in terms of energy content.  
 
The average BSFC of the LGO-10 has been predicted to increase by 0.82% as 
compared to the MDO. However, considering the LHV of the LGO-10, this 
prediction may not be realistic. The predicted mean BSFC for B20, B40 and B100 
was 1.65%, 3.33% and 8.53% respectively. This may be attributed to the 
contribution of biodiesel in the blends resulting to a less LHV of these fuels. As a 
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result more fuel is required to develop the same brake power produced by the MDO 
during the experiment. This predicted result also shows a good correlation in terms 
of energy content considering the LHV of the RME is about 8.5% less than that of 
MDO. This result is in agreement to the results reported by (Cafer Kaplan et al, 
2006) 
 
The mean increase between the measured mean NOx emission from MDO and the 
predicted NOx emission from the LGO-10 was 0.98%. This may be attributed to 
higher amount of oxygen content in biodiesel which supports a fairly complete 
combustion thus resulting in high combustion temperature inside the cylinder 
which supports the production of NOx. Thus the formation of NOx is supported both 
by properties of the biodiesel content in the blend and thermal processes.  
 
The mean reduction between the measured mean HC emission from MDO and the 
predicted HC emission from the LGO-10 was 10.59%. This was expected as HC 
emission depends on the combustion efficiency and the physical properties of the 
fuel. The presence of oxygen atom contributed by the biodiesel may thus have also 
led to a complete combustion of the fuel. Since the CN has an influence on the 
ignition delay period, HC and CO emissions are also affected by the CN of the fuel. 
Fuels with higher CN seem to exhibit lower HC and CO emissions. It can be seen 
from table 19 that the CN for LGO-10 and RME are higher by 23.2% and 16.4% 
respectively.  
 
From the analysis of the evidences presented in this study it can be concluded the 
research fuels; RME and its blends can be a viable alternative fuel for DI-CI 
engines without any significant modification.  
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Future work 
It must be emphasized the predicted results and the analysis are based on the data 
acquired during the experiment and the information available regarding the test 
fuels complimented by those found in literature. Every precaution has been taken to 
ensure accuracy of data. A wide variation of results regarding emission of biodiesel 
maybe found in literature mainly as a result of several different factors. Possible 
explanations for these differences maybe the use of varying emission test mode, 
different engine operating conditions, variant measurement technologies and 
procedure etc. however, there seems to be a dominant trend among researchers 
which is to a certain degree consistent with the results presented in this study. 
However, the results presented by this study are not conclusive and actual 
experimental work is required on the renewable blends to validate the results 
presented here. 
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Emission data at mode 1 
 
Nox CO CO2 O2 HC 
347,56 2000,00 4,82 14,09 28,45 
347,58 2000,00 4,81 14,10 28,59 
347,48 2000,00 4,81 14,10 28,66 
346,32 2000,00 4,80 14,10 28,59 
345,43 2000,00 4,80 14,12 28,52 
345,05 2000,00 4,79 14,13 28,57 
345,05 2000,00 4,78 14,14 28,60 
345,05 2000,00 4,78 14,15 28,61 
345,06 2000,00 4,77 14,16 28,64 
344,95 2000,00 4,75 14,18 28,64 
343,79 2000,00 4,74 14,20 28,66 
343,79 2000,00 4,73 14,22 28,68 
342,61 2000,00 4,72 14,24 28,66 
342,55 2000,00 4,72 14,25 28,65 
342,58 2000,00 4,71 14,27 28,75 
341,37 2000,00 4,71 14,28 28,84 
341,46 2000,00 4,72 14,28 28,79 
341,31 2000,00 4,71 14,28 28,66 
341,31 2000,00 4,70 14,28 28,71 
340,12 2000,00 4,69 14,29 28,77 
339,17 2000,00 4,69 14,30 28,77 
338,23 2000,00 4,68 14,31 28,79 
337,56 2000,00 4,67 14,31 28,76 
336,86 2000,00 4,66 14,33 28,91 
336,22 2000,00 4,66 14,34 28,91 
335,08 2000,00 4,66 14,35 28,73 
335,09 2000,00 4,66 14,35 28,86 
335,08 2000,00 4,66 14,35 28,88 
335,08 2000,00 4,67 14,34 28,77 
333,85 2000,00 4,67 14,34 28,76 
333,39 2000,00 4,66 14,34 28,80 
332,30 2000,00 4,65 14,34 28,79 
330,90 2000,00 4,65 14,35 28,80 
 
Emission data at mode 2 
 
Nox CO CO2 O2 HC 
387,76 293,52 3,33 16,43 31,02 
387,75 289,06 3,32 16,44 30,89 
388,02 284,72 3,32 16,44 30,86 
389,00 279,98 3,32 16,44 30,89 
388,99 275,93 3,32 16,45 31,01 
389,01 271,77 3,32 16,45 31,01 
389,25 268,94 3,31 16,45 30,98 
390,26 265,02 3,31 16,45 30,90 
390,26 262,02 3,30 16,46 30,93 
390,25 259,27 3,30 16,47 30,90 
390,24 256,47 3,30 16,47 30,94 
390,25 253,83 3,29 16,47 31,00 
390,25 250,48 3,29 16,48 31,07 
391,43 247,42 3,28 16,49 30,94 
391,50 245,29 3,28 16,50 30,93 
392,55 242,85 3,27 16,50 31,10 
393,32 240,37 3,27 16,51 30,95 
394,74 238,16 3,26 16,52 30,92 
396,02 237,29 3,26 16,52 31,09 
397,27 235,19 3,25 16,53 31,10 
398,82 234,26 3,25 16,54 30,94 
400,24 231,98 3,24 16,54 30,97 
401,31 230,71 3,24 16,55 31,05 
401,53 229,56 3,23 16,57 31,06 
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Emission data at mode 3 
 
Nox CO CO2 O2 HC 
371,13 147,20 2,39 17,72 32,14 
372,64 146,18 2,39 17,73 32,16 
374,56 145,64 2,39 17,72 32,25 
376,01 145,65 2,39 17,72 32,26 
377,57 145,05 2,40 17,72 32,20 
379,06 144,65 2,41 17,72 32,13 
380,51 144,64 2,41 17,71 32,10 
382,06 143,94 2,41 17,69 32,24 
383,48 142,83 2,42 17,69 32,23 
384,89 142,65 2,42 17,69 32,04 
385,99 142,64 2,42 17,68 32,22 
387,09 142,21 2,42 17,68 32,20 
388,35 141,68 2,42 17,68 32,04 
389,02 141,67 2,42 17,68 32,14 
389,91 141,65 2,41 17,68 32,24 
390,29 140,73 2,41 17,69 32,14 
390,85 140,68 2,41 17,69 32,09 
391,52 140,67 2,41 17,69 32,13 
391,53 140,67 2,41 17,69 32,20 
391,44 140,66 2,42 17,69 32,16 
390,29 140,68 2,42 17,69 32,19 
390,02 140,67 2,43 17,67 32,21 
389,03 140,45 2,44 17,67 32,09 
388,16 139,66 2,44 17,67 32,07 
387,68 139,66 2,45 17,65 32,08 
386,51 139,66 2,45 17,64 32,12 
386,53 139,67 2,46 17,63 32,15 
386,51 139,34 2,46 17,64 32,18 
387,73 138,67 2,46 17,63 32,11 
388,98 138,65 2,45 17,63 32,05 
390,33 138,20 2,45 17,62 32,06 
392,11 137,67 2,46 17,62 32,07 
394,08 137,69 2,46 17,63 32,05 
 
Emission data at mode 4 
 
Nox CO CO2 O2 HC 
246,42 235,75 1,33 19,09 33,41 
245,37 235,74 1,33 19,09 33,59 
245,27 235,76 1,32 19,10 33,53 
246,40 235,52 1,32 19,11 33,41 
246,97 234,77 1,33 19,11 33,49 
247,66 233,53 1,33 19,10 33,54 
248,53 232,73 1,33 19,11 33,54 
248,90 232,03 1,33 19,10 33,55 
248,99 231,74 1,33 19,09 33,54 
249,57 231,73 1,32 19,09 33,50 
248,88 231,74 1,32 19,10 33,44 
248,90 231,72 1,32 19,11 33,49 
248,78 231,73 1,32 19,11 33,64 
247,65 231,73 1,31 19,11 33,49 
247,66 231,72 1,31 19,12 33,42 
247,24 231,83 1,31 19,12 33,46 
246,40 232,72 1,31 19,12 33,52 
246,40 232,74 1,31 19,12 33,53 
246,00 232,72 1,31 19,13 33,61 
245,16 233,20 1,30 19,13 33,54 
244,57 233,72 1,30 19,13 33,58 
243,88 234,57 1,29 19,13 33,51 
243,02 234,82 1,29 19,13 33,51 
242,23 235,95 1,29 19,14 33,49 
241,14 237,21 1,28 19,14 33,60 
239,73 238,46 1,28 19,15 33,65 
238,49 239,21 1,28 19,16 33,53 
237,09 240,32 1,27 19,16 33,52 
235,99 241,44 1,27 19,17 33,73 
235,13 242,70 1,26 19,17 33,47 
233,93 243,07 1,26 19,18 33,55 
233,00 243,75 1,26 19,18 33,70 
232,63 244,20 1,26 19,18 33,52 
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Emission data at mode 5 
Nox CO CO2 O2 HC 
315,10 2000,00 4,07 15,06 29,57 
315,08 2000,00 4,07 15,06 29,50 
315,09 2000,00 4,07 15,06 29,50 
315,08 2000,00 4,07 15,06 29,53 
315,10 2000,00 4,07 15,06 29,61 
315,09 2000,00 4,07 15,06 29,63 
315,09 2000,00 4,06 15,06 29,46 
315,09 2000,00 4,06 15,08 29,57 
313,88 2000,00 4,06 15,08 29,69 
312,93 2000,00 4,06 15,08 29,59 
312,58 2000,00 4,06 15,08 29,50 
312,31 2000,00 4,06 15,08 29,59 
311,30 2000,00 4,06 15,08 29,69 
310,40 2000,00 4,07 15,07 29,56 
309,17 2000,00 4,07 15,06 29,59 
307,65 2000,00 4,07 15,05 29,64 
305,30 2000,00 4,07 15,03 29,47 
302,49 2000,00 4,07 15,02 29,64 
299,83 2000,00 4,07 15,01 29,43 
296,64 2000,00 4,07 15,00 29,45 
293,32 2000,00 4,07 14,98 29,58 
289,70 2000,00 4,07 14,96 29,56 
286,12 2000,00 4,07 14,94 29,43 
282,36 2000,00 4,06 14,93 29,37 
278,47 2000,00 4,06 14,92 29,40 
274,55 2000,00 4,05 14,90 29,43 
270,63 2000,00 4,04 14,88 29,36 
266,44 2000,00 4,03 14,87 29,40 
261,45 2000,00 4,01 14,86 29,39 
256,13 2000,00 3,99 14,84 29,37 
250,40 2000,00 3,97 14,83 29,38 
245,04 2000,00 3,94 14,81 29,30 
239,16 2000,00 3,92 14,80 29,22 
 
Emission data at mode 6 
Nox CO CO2 O2 HC 
410,18 2000,00 5,24 13,32 27,70 
410,14 2000,00 5,23 13,33 27,76 
409,10 2000,00 5,23 13,33 27,73 
408,88 2000,00 5,23 13,33 27,72 
408,64 2000,00 5,22 13,34 27,73 
407,66 2000,00 5,21 13,35 27,74 
407,24 2000,00 5,21 13,36 27,75 
405,98 2000,00 5,20 13,37 27,78 
404,58 2000,00 5,19 13,38 27,89 
403,89 2000,00 5,19 13,39 27,90 
402,70 2000,00 5,18 13,40 27,79 
402,07 2000,00 5,19 13,41 27,75 
401,30 2000,00 5,18 13,40 27,77 
400,14 2000,00 5,18 13,41 27,82 
399,25 2000,00 5,17 13,42 27,84 
398,88 2000,00 5,17 13,43 27,88 
398,90 2000,00 5,16 13,43 27,91 
397,71 2000,00 5,16 13,43 27,86 
397,64 2000,00 5,17 13,43 27,84 
397,64 2000,00 5,18 13,44 27,88 
398,05 2000,00 5,19 13,44 27,87 
398,87 2000,00 5,20 13,42 27,88 
399,93 2000,00 5,20 13,40 27,82 
400,12 2000,00 5,21 13,38 27,75 
399,26 2000,00 5,22 13,36 27,72 
398,89 2000,00 5,23 13,36 27,74 
398,01 2000,00 5,23 13,35 27,86 
397,09 2000,00 5,22 13,34 27,87 
395,83 2000,00 5,22 13,34 27,73 
394,57 2000,00 5,22 13,34 27,69 
393,15 2000,00 5,21 13,34 27,75 
391,01 2000,00 5,19 13,34 27,86 
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Emission data at mode 7 
Nox CO CO2 O2 HC 
789,18 162,69 4,55 14,71 29,17 
789,76 162,69 4,55 14,71 29,19 
790,46 162,68 4,56 14,71 29,22 
790,44 162,69 4,56 14,70 29,24 
790,46 162,68 4,57 14,69 29,28 
791,63 162,68 4,58 14,69 29,26 
791,14 162,68 4,58 14,69 29,14 
790,45 162,68 4,59 14,68 29,14 
790,44 162,67 4,60 14,66 29,14 
789,74 162,69 4,60 14,66 29,12 
789,20 162,67 4,61 14,65 29,11 
789,21 162,69 4,62 14,64 29,13 
788,94 162,68 4,62 14,63 29,10 
787,95 161,85 4,61 14,62 29,12 
787,71 161,70 4,59 14,63 29,11 
786,71 161,71 4,58 14,64 29,12 
786,71 161,70 4,58 14,66 29,15 
785,50 161,71 4,57 14,68 29,23 
785,44 161,69 4,56 14,69 29,26 
786,63 161,68 4,55 14,70 29,29 
787,74 161,67 4,53 14,71 29,17 
787,96 161,68 4,52 14,73 29,16 
787,95 161,69 4,52 14,74 29,18 
787,85 161,70 4,51 14,74 29,31 
786,07 161,69 4,49 14,76 29,33 
782,66 161,62 4,47 14,78 29,32 
777,75 160,40 4,44 14,80 29,26 
772,90 159,71 4,43 14,83 29,28 
769,73 160,39 4,41 14,87 29,36 
768,32 160,71 4,42 14,90 29,48 
768,80 160,70 4,43 14,90 29,44 
769,98 160,71 4,45 14,89 29,42 
772,48 160,68 4,47 14,88 29,38 
 
Emission data at mode 7 
Nox CO CO2 O2 HC 
253,92 448,87 1,39 18,92 33,34 
253,99 448,87 1,39 18,91 33,39 
253,99 448,68 1,39 18,91 33,39 
253,91 447,88 1,39 18,91 33,39 
252,75 447,88 1,39 18,92 33,33 
252,35 447,88 1,38 18,91 33,33 
250,93 447,87 1,38 18,92 33,34 
249,99 447,86 1,38 18,93 33,40 
249,00 447,87 1,37 18,93 33,39 
248,99 448,31 1,37 18,94 33,47 
247,82 448,87 1,37 18,94 33,42 
247,06 448,88 1,36 18,96 33,36 
246,51 448,94 1,36 18,95 33,37 
245,33 449,86 1,36 18,94 33,38 
245,00 449,86 1,36 18,95 33,42 
244,00 449,88 1,35 18,96 33,49 
243,59 449,99 1,35 18,96 33,39 
242,75 450,81 1,35 18,96 33,28 
241,56 450,87 1,35 18,96 33,37 
240,96 451,05 1,35 18,97 33,48 
240,27 451,86 1,35 18,98 33,47 
240,17 452,18 1,35 18,98 33,36 
239,02 452,86 1,34 18,98 33,37 
239,01 453,43 1,35 18,98 33,43 
239,72 453,86 1,35 18,98 33,49 
240,25 453,87 1,35 18,98 33,46 
240,25 454,42 1,35 18,98 33,42 
240,25 454,85 1,35 18,98 33,29 
240,95 455,17 1,36 18,97 33,40 
241,49 455,86 1,36 18,96 33,31 
241,49 455,83 1,36 18,96 33,34 
242,66 456,03 1,36 18,95 33,40 
242,72 456,87 1,36 18,95 33,43 
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Cylinder pressure trace and 
derivatives 
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Figure 101: Mode 8- Dynamic cylinder pressure as a function of crank angle for marine diesel fuel at 
idle speed 
 
 
Figure 102: Mode 7- Dynamic cylinder pressure as a function of crank angle for marine diesel fuel at 50% load 
and 2250 rpm   
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Figure 103: Mode 6- Dynamic cylinder pressure as a function of crank angle for marine diesel fuel at 75% load 
and 2250 rpm   
Figure 104: Mode 5- Dynamic cylinder pressure as a function of crank angle for marine diesel fuel at 100% 
load and 2250 rpm   
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Figure 105: Mode 4- Dynamic cylinder pressure as a function of crank angle for marine diesel fuel at 10% load 
and 3000 rpm   
 
Figure 106: Mode 3- Dynamic cylinder pressure as a function of crank angle for marine diesel fuel at 50% load 
and 3000 rpm   
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Figure 107: Mode 2- Dynamic cylinder pressure as a function of crank angle for marine diesel fuel at 75% load 
and 3000 rpm   
Figure 108: Mode 1- Dynamic cylinder pressure as a function of crank angle for marine diesel fuel at 100% 
load and 3000 rpm   
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a) Low load 
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b) Part load 
 
 
c) Full load 
Figure 109: Dynamic cylinder pressure vs. crank angle at (a) low load (b) medium load and (c) full 
load at 3000rpm for 12 different trials 
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Time series of power measurements for nine trials  
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Time series of torque measurements for nine trials  
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Appendix C 
 
 
 
 
Fuel System 
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Appendix D 
 
 
 
 
Engine specification data 
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Test engine specification before modification  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Type  Single cylinder, liquid cooled, 4-
stroke 
Bore (mm) 80.26 
Stroke (mm) 88.90 
Displacement volume 
(dm3) 
0.45 
Maximum speed (rps) 75 
Maximum power (KW) 8 
Maximum cylinder 
pressure (bar) 
120 
Compression ratio 20:1 
Valve arrangement Overhead camshaft, two vertical 
valves 
Valve timing   
 Inlet opens 
 Inlet  closes 
 Exhaust opens 
 Exhaust closes 
10⁰ Before TDC 
42⁰ After TDC 
58⁰ Before BDC 
10⁰ After TDC 
Tappet clearance 
 Inlet  
 Exhaust  
 
0.3 – 0.4 mm 
0.3 – 0.4 mm 
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Audi A6 V-engine specification  
 
Engine type AFB, V6 
Capacity (dm³) 2.496 
Bore (mm) 78.35 
Stroke (mm) 86.4 
Compression ratio 19.5 : 1 
Cold start Glowplug 
Valve timing 
 Inlet opens 
 Inlet  closes 
 Exhaust opens 
 Exhaust closes 
 
12⁰ Before TDC 
8⁰ After TDC 
34⁰ Before BDC 
12⁰ After TDC 
Valve clearance n/a (hydraulic) 
Ignition pump timing  2⁰After TDC ±2⁰ at 
idle 
Ignition pressure (bar) 180 – 190  
thermostat 87⁰C 
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Screen flow chart with relevant key operations for emission measurement  
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Appendix E 
 
Heat Release Calculations 
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